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Preface 


The  XVIth  International  Symposium  on  Discharges  and  Electrical  Insulation  in  Vacuum  is 
held  in  unusual  surroundings— on  board  a  ship  traveling  from  Moscow  to  St.  Petersburg, 
Russia.  During  extended  breaks  between  technical  sessions  the  attendees  and  their  guests 
will  have  an  opportunity  to  see  the  beautiful  sights  and  nature  of  central  Russia. 

The  sites  of  previous  symposia  in  this  series  were: 

Cambridge  (USA)  1964  and  1966 
Paris  (France)  1 968 
Waterloo  (Canada)  1970 
Poznan  (Poland)  1972 
Swansea  (United  Kingdom)  1974 
Novosibirsk  (USSR)  1976 
Albuquerque  (USA)  1978 
Eindhoven  (The  Netherlands)  1980 
Columbia  (USA)  1982 
Berlin  (CDR)  1984 
Shoresh  (Israel)  1 986 
Paris  (France)  1988 
Santa  Fe  (USA)  1990 
Darmstadt  (Germany)  1992 

There  are  over  185  scientists  from  16  countries  participating  in  this  meeting,  including 
nearly  100  attendees  from  Russia  and  the  CIS  countries.  There  are  178  invited  and 
contributed  papers,  including  106  from  Russia  and  the  CIS  countries.  The  Table  of  Contents 
of  this  proceedings  gives  a  good  overview  of  recent  work  which  is  presented  on  the 
properties  of  vacuum  discharges  and  the  increasing  importance  of  vacuum  discharges  in 
industrial  applications. 

The  Local  Organizing  Committee  gratefully  acknowledges  the  scientific  and  financial 
support  of  the  Symposium  sponsors  listed.  We  also  thank  the  members  of  the  Permanent 
International  Scientific  Committee,  especially  its  Chairman,  Professor  James  E.  Thompson, 
for  the  assistance  and  guidance  given  in  organizing  this  symposium.  Finally,  we  would  also 
like  to  thank  SPIE  staff  for  their  assistance  in  putting  together  this  proceedings. 

Papers  published  in  this  proceedings  will  be  reviewed  by  the  Permanent  International 
Scientific  Committee  and  selections  will  be  made  for  papers  to  be  considered  for 
publication  in  forthcoming  Special  Issues  of  the  IEEE  Transactions  on  Plasma  Science  and 
the  IEEE  Transactions  on  Electrical  Insulation.  We  believe  that  the  XVIth  ISDEIV  will  be 
interesting  and  useful  to  you.  We  anticipate  stimulating  exchanges  of  scientific  information 
between  scientistsfrom  different  countries,  andthattheenvironmentofthesymposium  will 
promote  personal  contacts  for  collaborative  ventures. 

In  conclusion,  I  wish  to  express  my  deep  appreciation  to  all  the  attendees  for  their 
contribution  to  the  works  presented  at  the  Symposium.  I  wish  you  a  fruitful  symposium  and 
a  nice  rest. 


G.  A.  Mesyats 
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Endowed  by  the  Toshiba  Corporation 

The  Dyke  award  has  been  established  by  the  International  Symposium  on  Discharges  and 
Electrical  Insulation  in  Vacuum  (ISDEIV)to  recognizeoutstandingcontributionstothefield. 
The  Award  is  given  by  the  Symposium  to  a  worthy  person  identified  by  the  Awards 
Committee  of  the  Permanent  International  Scientific  Committee.  The  Award  is  presented 
at  the  Banquet  of  the  Biennial  Symposium. 

The  Dyke  Award  for  the  XVIth  ISDEIV  Honors 
Professor  Burkhard  jiittner 

for  his  Pioneering  and  Continuing  Technical  Contributions 
on  the  Subject  of  Electrical  Discharges  in  Vacuum 

Prof.  Juttner  has  explored  prebreakdown  and  breakdown  phenomena  in  vacuum  for  many 
years.  His  pioneering  work  on  nanosecond  discharges  with  clean  electrodes  in  ultrahigh 
vacuum  provided  significant  information  concerning  processes  in  vacuum  breakdown  and 
cathode  spots.  More  recently  notable  have  been  his  experimental  investigations  into 
substructures  of  cathode  spots.  Other  valuable  contributions  have  been  his  reviews  of 
vacuum  breakdown  and  cathode  phenomena.  Prof.  Juttner's  25  years  of  work  has 
contributed  greatly  to  the  fields  covered  by  this  symposium. 

Prof.  Burkhard  Juttner  was  born  in  Prague,  Czechoslovakia  in  1938.  He  received  the 
diploma  in  physics  from  Humboldt  University,  Berlin  in  1962,  and  the  degrees  of 
Dr.rer.nt.,  Dr.sc.,  and  Professor  of  Physics  from  the  Academy  of  Sciences,  Berlin  in  1 971 , 
1983,  and  1985,  respectively.  He  worked  in  basic  research  on  vacuum  breakdown, 
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well  as  in  the  technical  applications  of  these  phenomena.  Special  note  should  be  paid  to 
his  pioneering  work  on  nanosecond  discharges  with  clean  electrodes  in  ultrahigh  vacuum, 
which  provided  significant  information  concerning  processes  in  vacuum  breakdown  and 
cathode  spots.  Of  particular  recent  interest  have  been  the  experimental  investigations  of 
Prof.  Juttner  and  colleagues  into  substructure  of  cathode  spots.  Other  valuable  contribu¬ 
tions  have  been  his  reviews  of  vacuum  breakdown  and  cathode  phenomena. 

Prof.  Juttner  has  been  working  with  electrical  discharges  in  vacuum  for  over  25  years, 
formerly  with  the  Central  Institute  of  Electron  Physics,  and  nowwith  theMax  Plank  Institute 
for  Plasma  Physics.  He  has  published  over  100  technical  papers. 

The  ISDEIV  Permanent  International  Scientific  Committee  would  like  to  gratefully 
acknowledge  the  Endowment  of  the  Dyke  Award  by  the  Toshiba  Corporation. 
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of  Young  Investigators  in  the  Field  of  Discharges  and  Electrical 
Insulation  in  Vacuum 

Supported  by  CALOR  EMAG  Elektrizitats,  AG 
Member  of  the  ABB  Group 

The  Chatterton  Young  Investigator  Award  was  established  by  the  ISDEIV  in  honor  of  the 
late  Paul  A.  Chatterton.  The  purpose  of  this  award  is  to  recognize  outstanding  achievement 
of  young  investigators  in  the  field  of  discharges  and  electrical  insulation  in  vacuum,  and 
aims  at  encouraging  young  scientists  and  engineers  to  enter  this  field  of  research. 

The  Chatterton  Award  recipients  for  the  Darmstadt  Symposium  and  the  Moscow— St. 
Petersburg  Symposium  will  be  announced  at  the  banquet  of  this  symposium.  The  ISEDIV 
Permanent  International  Scientific  Committee  would  like  to  gratefully  acknowledge  CALOR 
EMAG  Elektrizitas  AG,  Member  of  the  ABB  Group,  for  supporting  this  Award. 
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Vacuum  Breakdown  and  Prebreakdown  Phenomena 


Electrohydrodynamic  phenomena  on  the  explosive-emission  liquid-metal  cathode 
Lev  M.  Baskint,  Alexander  V.  Batrakov,  Sergey  A.  Popov,  and  Dmitry  I.  Proskurovsky 


Institute  of  High-Current  Electronics,  Russian  Academy  of  Sciences,  Tomsk  634055 
tinstitute  of  Telecommunications,  St. Petersburg  191065,  Russia 


ABSTRACT 

The  paper  describes  the  results  of  a  direct  experimental  observation  of  the  development  of  an  electrohydrodynamic 
instability  at  an  explosive-emission  liquid-metal  cathode  along  with  a  theoretical  analysis  of  the  growth  and  destruction 
of  the  protrusion  formed  on  the  cathode  surface. 

1.  INTRODUCTION 


The  study  of  electrohydrodynamic  phenomena  at  liquid-metal  cathodes  operating  in  the  explosive-emission  mode 
is  of  interest  for  a  better  insight  into  the  mechanism  of  the  development  of  vacuum  discharges  and  the  peculiarities  of 
the  operation  of  this  type  of  cathode.  The  surface  of  a  liquid  metal  is  known^  to  be  unstable  in  a  st  rong  electric  fiehi. 
In  recent  years,  the  behavior  of  a  liquid  metal  in  a  strong  electric  field  has  been  extensively  studied  theoretically  '  . 
However,  direct  observations  of  the  time  variation  of  the  shape  of  a  liquid  metal  have  not  been  carried  out  till 
now.  Only  a  few  attempts  have  been  taken'*’®  to  observe  some  phases  of  the  development  of  an  electrohydrodynamic 
instability  at  the  surface  of  a  liquid  metal.  Nevertheless,  conditions  for  experimentation  with  a  liquid  metal  cathode 
may  be  chosen,  which  would  allow  one  to  readily  observe  the  growth  and  destruction  of  a  protrusion  on  the  surface 
of  a  liquid-metal.  The  present  paper  describes  experimental  observations  of  these  processes  with  analyzing  them 
theoretically.  In  addition,  the  data  obtained  are  used  to  explain  the  sluggish  nature  of  liquid-metal  needle  emitter,!. 

2.  EXPERIMENT 


A  liquid-metal  cathode  of  diameter  4  or  2  mm  (see  Fig.  l,a)  and  a  plane  anode  formed  a  vacuum  gap  of  length  4 
mm.  The  surface  of  the  cathode  base  was  wetted  with  a  working  liquid  (Ino,25Gao,75  alloy).  A  vacuum  of  no  worse 
than  10“®  Pa  was  produced  by  oilless  pumping  tools. 


High  voltage  pulses  which  resulted,  at  electric  fields  Eq  ~10®  V/cm  and  more,  in  the  development  of  an  electrohy¬ 
drodynamic  instability  at  the  surface  of  a  liquid  metal,  the  formation  of  a  protrusion,  and  the  initiation  of  explosive 
electron  emission  were  applied  to  the  vacuum  gap  at  a  frequency  of  20  to  50  Hz.  The  explosive  electron  emission 
caused  a  50  to  250  pF  capacitor  connected  to  the  gap  to  discharge  into  vacuum  during  10“'^s.  The  peak  current  w.is 
20  to  40  A.  During  the  discharge,  the  gap  voltage  dropped  and  the  protrusion  started  destructing.  The  reproducibility 
of  the  delay  time  to  discharge  and  the  cathode  processes  attained  upon  this  repetitively  pulsed  action  made  it  possible 
to  use  stroboscopic  shadow  photography  for  the  operating  cathode  surface.  For  this  purpose,  the  gap  was  illuminated 
by  a  flash  lamp  producing  light  flashes  of  duration  5  fis.  By  controlling  the  delay  of  starting  the  flash  lamp  w  ith 
respect  to  the  beginning  of  the  voltage  pulse,  we  were  able  to  indicate  various  phases  in  the  oscillation  of  the  liquid 
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metal  surface.  Typical  photographs  of  the  protrusion  profiles  taken  at  different  times  are  presented  in  Fig.  2.  The 
technique  used  allowed  a  spatial  resolution  of  ~10/im. 

Figure  3, a  illustrates  the  case  where  a  stepped  voltage  pulse  was  applied  to  a  cathode  of  diameter  4  mm,  oriented 
in  opposition  to  the  force  of  gravity.  The  amplitude  of  the  voltage  pulse  first  step  was  somewhat  lower  than  the 
threshold  voltage  Uo  for  the  development  of  an  instability  leading  to  the  initiation  of  explosive  electron  emission. 
In  this  phase,  no  perturbation  at  the  liquid  metal  surface  was  noticed.  At  the  second  voltage  step,  an  instability 
developed,  which  led  to  the  formation  of  a  conical  protrusion  of  the  ”cusp”  type  (see  Fig.  2, a).  Tlie  cone  angle  near 
the  protrusion  apex  was  close  to  the  Taylor  angle.  Once  explosive  electron  emission  had  been  initiated,  the  conical 
protrusion  stopped  growing  and  destroying,  with  a  wave  being  generated  on  the  liquid  metal  surface  (see  Fig.  2,1). 
In  Fig.  3,  the  variation  of  the  protrusion  height  within  the  cycle  ^(t)  is  shown  with  dots.  Figure  3,b  presents  the 
results  of  measuring  ^(t)  for  a  cathode  of  diameter  2  mm,  placed  horizontally,  to  which  rectangular  pulses  of  peak 
voltage  U  >  Uq  were  applied.  In  this  case,  the  growing  and  destroying  protrusions  were  similar  in  shape  to  those 
shown  in  Fig.  2.  Note  that  the  upper  points  on  the  curves  ^(t)  correspond  to  the  locations  of  the  cathode  flares. 


_3.  THE  DYNAMICS  OF  PROTRUSION  GROWTH  AND  DESTRUCTION 


Let  us  consider  the  dynamics  of  ” deep”  nonviscous  liquid  in  a  strong  electric  field.  The  dispersion  equation  for 
gravitational  capillary  waves  on  the  surface  of  a  liquid  metal  in  the  presence  of  an  electric  field  has  the  former 

where  g  is  the  free  fall  acceleration,  p  is  the  density  of  the  liquid,  and  a  is  the  surface  tension  coefficient.  For  an 
axially  symmetrical  system  the  liquid  boundary  z  =  ^(r, /)  can  be  approximated  linearly  as 


ik{i)JQ{^r)kdk, 


(2) 


For  the  given  form  of  the  initial  perturbation  at  the  boundary  ^(r,  0)  and  the  initial  velocity  of  the  boundary 

the  initial  conditions  ^fc(O)  and  ^a:(0)  s-rc  determined  and  then,  with  Eqs.  (1)  and  (2)  taken  into  account,  the  boundary 

shape  at  a  time  t  is  found^.  In  the  below  discussion,  we  will  assume  for  simplicity  that  ^(r,  0)  =  0. 

For  a  strong  electric  field,  within  some  range  of  fci  <  we  have  u)^{k)  <  0.  The  shape  of  the  protrusion 

pooled  will  then  be  adequately  described  by  the  relation 

0  «  ^  '  6(0)c/i  (^2^^)  Mkr)kdk.  (;{) 
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If  we  assume  that  the  initial  boundary  shape  is  described  by  the  Gaussian 

^(r,0)  =  ^oexp  (-3^)  > 

and  if  the  field  at  the  boundary  is  such  that  >  1  and  kiX  <  1,  what  holds  with  a  margin  for  the  conditions  of 
our  experiment,  then  the  motion  of  the  liquid  metal  boundary  can  be  described,  to  a  high  accuracy,  by  the  expression 

poo  ^ 

^(r,  f )  =  2^0  /  ch{yt)Joiyf)ydy,  (5) 

Jo 

where  i  =  EotlX^/irp  and  f  =  2r/A.  The  position  of  the  protrusion  apex  is  given  by 

^(0,<)  =  ^o  (^l  +  ^<exp(j)$o(|))  , 

where  is  the  error  integral. 

The  cross  size  of  the  surface  in  the  experiment  was  limited,  therefore  the  spectrum  of  initial  perturbations  appeared 
to  be  continuous  rather  than  discrete.  This,  however,  only  slightly  affected  the  results  obtained  for  the  field  Eq  > 
10^  V/cm  and  surface  cross  sizes  over  1mm. 

The  experimental  dependencies  ^{t)  are  best  approximated  by  Eq.  (6)  (solid  lines  in  Fig.  3)  for  the  A  values  close 
to  the  cathode  diameter,  what  corresponds  to  the  development  of  the  principal  mode  of  liquid  oscillations  on  the 
liquid  cathode  surface.  The  amplitude  of  the  initial  perturbation  was  -  80/im  for  the  case  presented  in  Fig.  3, a 
and  ^  20//m  for  the  case  presented  in  Fig.  3,b.  These  values  of  be  accounted  for  by  the  fact  that  the  liquid 

surface  was  originally  curved. 

Let  us  consider  the  destruction  of  a  protrusion  after  disappearance  of  the  electric  field  as  a  result  of  explosive 
electron  emission.  If  we,  as  earlier,  describe  the  initial  shape  of  the  protrusion  by  Gaussian  (4)  and  put  the  initial 
velocity  of  protrusion  growth  equal  to  zero,  then  we  will  have 

^(r,0  =  2^o/  e~^\os(yii)Jo{yr)ydy,  (7) 

Jo 

where  i  =  .  The  position  of  the  protrusion  apex  as  a  function  of  time,  calculated  from  Eq.  (7),  is  shown  in 

Fig.  4.  It  can  be  seen  that  the  destruction  of  the  protrusion  stops  at  a  time  of  2.5,  i.e.  the  total  destruction  time  is 
ip  2.5yVA^/8a.  Putting,  for  example,  A  ^  500//m,  we  find  tp  800//S. 

Note  that  with  this  analysis  of  the  protrusion  destruction,  it  is  difficult  to  attain  good  quantitative  agreement  of 
the  predictions  with  experimental  data.  This  is  not  only  due  to  the  fact  that  the  final  emitter  shape  in  the  growth 
phase  is  far  from  a  Gaussian,  but,  first  of  all,  for  the  reason  that  the  liquid  metal  has  some  initial  velocity  gathered 
in  the  process  of  development  of  an  instability  in  the  field.  The  numerical  simulation  has  shown  that,  with  allowance 
for  this  velocity,  the  destruction  time  in  our  case  increases  four  times.  However,  estimates  show  that  the  expedition 
of  the  protrusion  destruction  by  the  pressure  of  the  explosive  emission  plasma  is  not  essential,  since  the  discharge 
current  is  low  and  short-term. 

4.  THE  VOLUME  OF  THE  LIQUID-METAL  PROTRUSION 

An  interesting  result  has  been  obtained  on  measuring  the  final  volume  of  the  protrusion  formed  at  various  peak 
voltages  U.  Figure  5  gives  the  volume  ratio  VjV^  for  protrusions  formed  at  voltages  U  and  Uo  afJ  a  function  of  tne 
overvoltage  U/Uo-  Based  on  the  result  obtained,  we  have  supposed  that  taking  into  account  the  dependence  of  the 
final  volume  of  the  protrusion  formed  on  a  liquid  metal  surface  on  the  overvoltage  might  provide  a  better  description 
for  the  dependence  of  the  delay  time  to  the  emission  of  charged  particles  r  on  the  overvoltage  for  a  needle  liquid-metal 
emitter.  According  to  Ref.  2, 

Zi]V  (U^  , 

~  sin  a  \Uq 
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where  rj  is  the  coefficient  of  viscosity,  V  is  the  final  volume  of  the  conical  protrusion,  h  is  the  initial  thickness  of  the 
film  on  the  needle  apex  surface,  and  a  is  the  half  the  angle  of  the  needle  conical  part.  Assuming  that  the  dependence 
V  =  Vo{U^/Uq)^^  presented  in  Fig.  5  also  holds  for  a  needle  cathode  at  whose  surface  a  viscous  liquid  flow  mode  is 


realized,  we  obtain 

h^sma  \U^J  \U^  ) 


(9) 


Shown  with  dots  in  Fig.  6  is  a  typical  dependence  of  the  delay  time  to  the  start  of  electron  emission  from  a  needle 

cathode  (see  Fig.  l,b)  on  the  overvoltage.  Curve  1  has  been  obtained  from  experimental  data  using  approximating 

expression  (9).  Herein,  the  results  of  approximation  of  our  experimental  data  using  Eq.  (8)  (curve  2)  and  the 

-2 

expression  given  in  Ref.  7  (curve  3),  where  r  ,  are  shown.  It  can  be  seen  that  the  best  description  of 

the  dependence  of  the  emission  sluggishness  on  the  overvoltage  is  provided  by  Eq.  (9).  The  film  thickness  h  estimated 
from  Eq.  (9)  is  ~  0.5//m,  which  is  in  accordance  with  the  data  given  in  Ref.  2. 

Thus,  the  allowance  for  the  dependence  of  the  final  volume  of  the  protrusion  formed  on  a  liquid  metal  surface  on 
the  overvoltage  provides  a  more  accurate  description  for  the  dependence  of  the  delay  time  to  the  electron  emission 
from  a  liquid  metal  emitter  on  the  voltage. 


5.  REFERENCES 


1.  L.  Tonks,  ”A  theory  of  Liquid  Surface  Rupture  by  a  Uniform  Electric  Field”,  Phis.  Rev.,  Vol.  48,  p.  562, 
1935. 

2.  S.P.  Thompson,  P.D.  Prewett,  ”The  Dynamics  of  Liquid  Metal  Ion  Sources”,  J.  Phys.  D:  Appl.  Phys.,  Vol. 
17,  pp.  2305-2321,  1984. 

3.  L.M.  Baskin,  ’’Development  of  Aperiodic  Instability  on  Liquid  Metal  Surface  Perturbed  by  Thermal  Fluctua¬ 
tions”,  IEEE  Trans.  Electr.  Insui^  Vol.  24,  pp.  929-931,  1989. 

4.  Bartashus  I.U.,  Pranevichus  L.I.,  Fursey  G.N.,  ’’Investigation  of  Explosive  Electron  Emission  from  a  Liquid 
Gallium  Cathode”,  Zh.  Tekn.  Fiz.,  Vol.  53,  pp.  1943-1948,1971. 

5.  L.M.  Swanson,  G.A.  Schwind,  ’’Electron  Emission  from  a  Liquid  Metal”,  J.  Appl.  Phys.,  Vol.  49,  pp. 
5655-5662,  1978. 

6.  L.D.  Landau,  E.M.  Lifshits,  ’’Theoretical  Physics.  Electrodynamics  of  Continuous  Media”,  Gostekhizdai,  1957. 

7.  V.G.  Dudnikov,  A.L.  Shabalin,  ’’Peculiarities  of  Transient  processes  of  Electrohydrodynamic  Ion  Emission”, 
Zh.  Tekn.  Fiz.,  Vol.  57  pp.  185-187,  1987. 


SPIE  Vol.  2259  !  5 


MEASUREMENTS  OF  CURRENT  INTENSITIES  FROM  10^»«  A  TO  1(H  A  EMITTED  FROM 
NIOBIUM  SAMPLES  UNDER  HIGH  DC  ELECTRIC  FIELDS 


Mustapha  Boussoukaya,  Aline  Curtoni,  Anne  Zeitoun-Fakiris 
DAPNIA-SEA,  CEA  SACLAY 
F  91 191  Gif-sur-Yvette  Cedex  FRANCE 


ABSTRACT 

An  experimental  set-up  allowing  measurements  of  DC  field  emission  currents  in  the  range  of  lO'^^A 
to  lO'^A  in  ultra  high  vacuum  (P  <  10"*®  Torr)  at  room  temperature  has  been  developed.  The 
detection  of  currents  in  the  range  of  10‘^^A  to  lO'^^A  was  carried  out  with  an  electron  multiplier 
l<^ted  behind  a  grid  anode.  Higher  currents  were  measured  using  a  massive  anode  and  a 
picoammeter.  The  whole  system  was  designed  to  study  niobium  samples  from  sheets  used  to  build 
electron  superconducting  accelerator  cavities.  Comparisons  of  the  electron  field  emission  from 
samples  prepared  by  different  surface  treatements  as  chemical  etching,  electropolishing,  oxide  coating 
by  anodization,  were  done.  Some  of  the  obtained  results  are  presented  below 

1.  INTRODTJCTTON 

Development  of  linear  colliders  in  the  TEV  range  using  normal  or  superconducting  structures  is  tied  to  the 
realisation  of  high  accelerating  electric  fields.  The  electric  field  lumtations  for  both  structures  are  essentially  due 
to  their  surface  electron  field  emission.  Consequences  of  the  field  emitted  currents  are  not  the  same  on 
superconducting  accelerator  cavities  and  on  the  normal  ones.  For  both,  field  emission  currents  of  a  few 
microamps  may  induce  high  degradation  of  the  microwave  parameters.  The  quality  factor  of  the  structures 
decreases  leading  to  a  decrease  of  the  accelerating  field  magnitude.  For  the  superconducting  ones,  the  local 
surface  temperature  may  also  increase  and  transition  from  the  superconducting  to  the  normal  state  can  occur. 

The  aim  of  these  studies  is  the  understanding  of  the  electron  emission  mechanism  under  high  electric  field 
condition.  A  great  number  of  papers  have  been  published  on  the  subject*’^,  but  the  level  of  the  measured  current 
was  always  higher  than  in  this  paper,  we  present  our  investigations  on  electron  field  emission  using  a 

device  that  allows  measurements  of  current  as  low  as  lO'i^A  to  values  as  high  as  10-«A.  Planar  niobium  samples 
of  macroscopic  sizes  (~lcm^)  having  different  surface  treatments  were  studied.  We  compare,  at  the  end,  the 
results  obtained  for  the  very  low  EFE  regime  (I  <  lO’i^A)  with  the  "usual"  one  (I>  lO’i^A).  Some  results 
characteristic  of  the  very  low  current  regime  are  presented. 

2.  EXPERIMENTAL  CONDITIONS  AND  PROCEDURE 

In  order  to  detect  DC  field  electron  currents  in  a  large  current  range  (lO-^^A  to  10-^A),  an  experimental  set-up 
has  been  developed,  in  which  ultra  high  vacuum  is  permanently  realised  in  the  test  ehamber  by  a  600  1/s  ion 
pump  and  a  titamum  sublunator  (Fig.l).  To  avoid  baking  out  after  each  sample  loading,  the  samples  are 
introduced  through  two  intermediate  chambers  in  which  vacuum  is  respectively  of  the  order  of  10-2  iq-? 
Torr.  Currents  in  the  range  of  lO-'^A  to  10-'2A  are  measured  with  an  electron  multiplier  (EM)  which  collects  the 
electrons  and  preamplifies  the  signal..  Then  the  signal  passes  through  fast  amplifiers  and  a  discriminator  to  a  100 
MHz  scaler  counting  the  pulses  whose  amplitude  exceeds  the  electronic  noise.  The  gap  between  the  sample  (S) 
and  the  anode  can  be  adjusted  from  1/10  mm  to  more  than  2  mm  before  measurements.  The  gap  geometry  is  then 
a  planar  cathode  (C)  opposite  a  grid  (G).  The  electron  multiplier  is  located  just  behind  this  grid.  For  higher 
current  measurments  (I  >  10-*2A)  a  planar  anode  (A)  is  used  and  the  current  is  measured  by  a  Keithley  ammeter. 
Ih  both  cases,  experiments  are  automatically  driven.  A  maximum  voltage  of  25  kV  can  be  applied  to  the  surface 
in  study.  The  experiments  were  performed  at  room  temperature. 
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Figure  1.  A  view  of  the  e?q)eriinetttal  chambers  where  S  is  the  sample  in  study,  G  the  grid,  A  the 
planar  anode.  The  working  pressure  is  P  <  10'*°  Torr. 

For  a  given  gap  and  detector,  the  measiuements  of  the  electronic  current  I  versus  voltage  V  for  a  tested  sarrqjle 
were  first  poformed  with  increasing  V-values  and  after,  eventually,  with  decreasing  orres.  Results  are  plotted  in 
the  foUowmg  coordinates  ;  -a)  ln(I/E^)  =  f(l/E)  or  Fowler-Nordheim  (FN)* ;  -b)  ln(I/E)  =  f(VE  )  ,  or  Pode- 
Frenkel  (PF)^  where  E  =  V/d  is  the  appUed  electric  field. 

3.  RESULTS  AND  DISCUSSION 

For  each  sample  more  than  three  curves  were  consecutively  recorded.  The  decreasing  voltage  plot  was  always 


Figure  2.  A  First  test  of  a  chemically  polished  niobium  sample  ;  B  fifth  test  for  the  same  sample. 

smoother  flian  the  increasing  voltage  one  (Fig.3).  A  possible  explanation  for  that  is  a  change  in  the  surfece 
conditions  (degassing,  emission  of  loosely  attached  particles,  srtKWthing  of  the  adsorbed  gas  coverage...)  during 
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the  increase  of  the  voltage.  Some  of  this  changes  seem  to  be  permanent,  as  the  first  plot  for  a  vir^  ^ 

different  fi^om  the  next  ones.  This  can  be  seen  when  comparing  the  FN  plots  A  and  B  ot  Fig.2  and  on  Fi^3.  Fw 
instance,  the  first  plot  for  chemically  etched  electrodes  present  a  low  current  tail  which  disapp^  on  the  ne^ 
curves  TTiis  may  be  an  emission  of  exoelectrons  trapped  by  the  rough  surfece  of  the  sample.  So,  for  next  r^rds 
the  same  current-values  appear  at  higher  electric  fields.  This  phenomenon  is  less  important  for  electropolished  or 

anodized  electrodes. 
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Figure  3.  A  First  test  of  an  electropolished  niobium  sample  ;  B  sixth  test  for  the  same  sample,  -a) 
increasing  ,  -b)  decreasing  voltages  plot. 

In  the  low  current  range,  the  experimental  plots  have  a  "nearly  hyperbolic"  form  when  plotted  in  t^  FN 
coordinates  (Fig.2).  This  situation  is  similar  to  the  one  observed  for  semiccxiducting  emitters  .This  may  be  due  to 


xlO' 


Figure  4.  Plot  of  a  chemically  polished  niobium  sample  in  both  the  low  current  regime  (right  part  of 
the  curve)  and  the  high  current  regime  (left  part). 

the  superposition  of  two  (or  more)  different  quasi-linear  curves  coming  from  different  emitting  conditions  in 
competition.  Also,  the  calculation  of  FN  plot  parameters  P  and  s  give  quite  different  results  for  lower  field 
current  values  than  for  higher  ones  :  for  very  low  currents  the  p-values  are  larger  as  can  be  seen  on  Fig.4. 
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Surching  for  an  alternative  explanation  of  that,  the  experinnental  measurements  have,  also,  been  plotted  in  the  PF 
coordinates.  An  example  is  given  on  Fig.5  concerning  the  curves  presented  on  Fig.3.  The  plots  show  reproducible 
quasi-linear  parts.  The  values  of  their  slopes  seem  compatible  with  the  possibility  of  an  emissicHi  of  electrons 
frwn  the  m^  to  the  vacuum  through  the  s^ccoducdng  sur&ce  oxide  layer  (essentially  Nb205).  This 
hypothesis  needs  further  experimental  and  theoretical  studies  that  are,  actually,  going  on. 


Figure  5.  PF  characterisic  of :  A  the  chemically  etched,  B  the  electropolished  niobium  samples  of 
respectively  Fig.2.  and  Fig.3. 


4.  CONCLUSION 

The  experimental  set-up  used  in  our  experiences  permitted  measurements  of  field  emitted  currents  as  low  as 
10“'*  A.  We  observed  differences  in  the  emission  tied  to  the  nature  of  the  treatments  of  the  surface  of  niobium 
samples  essentially  for  low  level  currents.  We  also  observed  changes  in  the  plots  between  the  first  test  and  the 
later  ones  for  the  same  sample.  Plotting  low-curroit  results  in  the  PF  coordinates  exhibits  linear  dependence 
which  could  be  interpreted  as  an  emission  through  the  oxide  upper  layer. 
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ABSTRACT 

A  fast-video  imaging  technique  was  used  to  observe  the  pulsed  breakdown  behaviour  of  an 
alumina  tube,  having  two  concentric  planar  electrodes  on  its  end-face.  Voltage-pulses,  typically  of  5kV 
amplitude  (5kV  ps'i  time  rate-of-rise),  were  applied  to  the  radial  M-I-M  insulator-electrode  regime 
under  ultra-high  vacuum  (pressure  <  10‘8  Torr),  with  video  recordings  made  at  1000  frames  per  second. 
Images  of  the  observed  breakdown  phenomena  are  presented,  viewing  along  the  centre-axis  and  also  in 
the  plane  of  the  M-I-M  structure.  These  images  are  discussed  in  relation  to  plasma-jets  associated  with 
vacuum  arcs,  and  the  nature  of  the  ion  species  within  such  jets. 

1.  INTRODUCTION 

The  surface-breakdown  of  a  solid-insulator,  under  the  influence  of  a  fast-rising  voltage  pulse,  has 
widely  been  used  as  a  trigger  mechanism  in  triggered  vacuum  gap  (TVG)  switches;^  TVGs  offer  a  low 
trigger-voltage,  high  hold-off  voltage,  high-current  switching  capability,  over  a  wide  range  of  operating 
voltages.  1  Despite  this  extensive  characterisation  of  TVG  operation,  there  remains  much  discussion  of 
the  physical  nature  of  the  surface-flashover  process  across  the  trigger  insulator,  which  leads  to  the  'firing' 
of  the  TVG  tube.2  Long-standing  physical  models  of  surface-flashover  describe  electrons  emitted  from 
the  cathode  triple-junction  'hopping'  along  the  insulator  surface;  as  the  electrons  strike  the  insulator,  gas 
is  desorbed  from  the  surface  and  ionised  by  the  hopping  electrons.^  Recently,  'solid-state'  models  of 
insulator  surface-flashover  have  emerged;  namely  the  avalanching  of  charge-carriers  injected  into  the 
insulator  surface-layers,^  and  the  explosive  de-stabilisation  of  trapped-charge  within  the  dielectric.^ 

In  recent  work,6  we  described  DC  prebreakdown  phenomena  viewed  on  the  end-face  of  a 
metallized  alumina  tube.  In  order  to  deepen  the  understanding  of  the  surface-flashover  process  across  an 
insulator  in  vacuum,  a  development  from  this  early  work  has  been  the  observation  of  pulsed  breakdown 
events,  again  on  an  alumina  insulator.  An  intensified  high-speed  digital  video  technique  allowed  the 
acquisition  of  real-time  optical  images  associated  with  pulsed-breakdown  events.  Images  of  pulsed 
surface-flashovers  are  presented,  viewed  along  the  centre-axis  of  the  alumina  tube,  and  also  viewed 
orthogonal  to  the  tube  axis.  Visible  features  of  the  pulsed-breakdown  images  are  described,  with 
additional  comment  made  upon  the  nature  of  the  observed  phenomena. 

2.  EXPERIMENTAL 


2.1  Experimental  System 

The  specimen  regime  has  the  standard  form  described  elsewhere,^  consisting  of  an  alumina  tube  (AI2O3, 
94%  purity),  with  two  concentric  rings  of  Mo/Mn  metallized  onto  one  end-face  of  the  alumina  sample: 
a  nominal  SOOpm  spacing  separated  the  two  metallized  rings.  Figure  1  shows  the  mounting  of  the 
metallized  alumina  specimen  in  a  stainless-steel  vacuum  chamber,  that  forms  part  of  a  dedicated 
experimental  system  that  was  described  in  detail  in  an  earlier  paper.^  The  vacuum  system  was  operated 
at  a  pressure  of  5x10-9  Torr,  and  the  alumina  specimen  initially  baked  in  vacuo  for  2  hours  at  400°C. 
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Fig.  1.  Schematic  arrangement  of  the  experimental  system. 

Electrical  connection  was  made  between  the  inner  metallized-ring  of  the  alumina  sample  and  a  high- 
voltage  pulsed  power  supply,  with  the  outer  metallized-ring  brazed  to  an  earthed  copper  tag.  A 
monochrome  CCD  camera  (768  pixels  x  576  lines  resolution)  imaged  the  alumina  specimen  through 
quartz  viewports  in  the  vacuum  chamber  wall. 


Fig.  2.  (a)  Front-view  electron-micrograph  and  (b)  side-elevation  view  of  metallized  alumina  specimen 

Figure  2(a)  illustrates  an  electron-micrograph  of  the  end-face  of  the  alumina  specimen;  a  second 
viewport  allowed  observation  of  the  specimen  orthogonal  to  its  centre  axis,  and  an  illuminated  side-view 
of  the  specimen  is  shown  in  Fig  2(b).  All  background  illumination  was  then  removed  for  the  duration  of 
the  experiment.  An  intensified  high-speed  video  camera  (256  x  256  pixels  resolution)  complemented 
the  high-resolution  CCD  camera,  and  imaged  the  fast  optical  processes  associated  with  pulsed  flashover 
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events  at  the  end-face  of  the  alumina  specimen.  The  operation  of  this  camera,  and  the  acquisition  of 
digitised  frames  showing  fast  optical  events  from  the  ceramic  specimen,  are  described  in  Section  2.2.2. 

2.2  Procedures  and  Measurements 

2.2.1  Voltage-bias  and  Electrical  Waveform-capture  A  positive  voltage  pulse,  Vt,  was  applied  to  the 
inner  electrode-ring  of  the  specimen:  this  pulse  was  derived  from  the  first  half-cycle  of  a  damped- 
sinusoidal  voltage,  having  a  maximum  amplitude  of  +5kV  (see  Fig  3(a)).  Voltage-waveform  acquisition 
was  performed  using  a  50MHz-bandwidth  digital  storage  oscilloscope  (DSO).  The  metal-insulator- 
metal  (M-I-M)  structure  of  the  metallized  end-face  of  the  alumina  tube  was  found  to  break-down  at  Vt 
values  around  +3kV:  a  typical  pulsed-breakdown  voltage  waveform  is  shown  in  Fig  3(b). 


Fig.3.  (a)  Oscillogram  of  applied  voltage  waveform  (open-circuit  load),  and  (b)  voltage-breakdown  waveform 
(amplitude  Vt  =  +3kV),  together  with  the  current-pulse  waveform  recorded  through  a  transparent  anode 


2.2.2  Optical  Image  Capture:  The  high-speed  video  apparatus  was  operated  in  a  'rolling'  recording 
mode,  whereby  1ms  frames  were  continuously  read  into  a  1200- frame  digital  memory. 


Fig.4.  1ms  frames  of  exoemission  events,  viewing  (a)  the  front  and  (b)  the  side  elevation  of  an  alumina  specimen 

Viewing  the  end-face  of  the  alumina  tube  along  the  specimen  axis  (as  shown  in  Fig  2(a)),  and  applying  a 
voltage  pulse  (Vt)  to  the  inner  electrode-ring,  the  image  depicted  in  Fig  4(a)  was  observed.  Figure  4(b) 
displays  an  emission  image  observed  perpendicular  to  the  centre-axis  of  the  alumina  specimen,  i.e. 
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across  the  front-face  of  the  specimen  as  shown  in  Fig.  2(b). 

2.2.3  Emission  Current  Waveform  Capture  A  transparent  anode^  was  introduced  into  the  experimental 
regime,  and  located  at  a  spacing  of  2mm  parallel  to  the  end-face  of  the  alumina  tube;  the  anode  was 
terminated  to  OV  via  a  lOO  current-viewing  resistor  (CVR).  Figure  3(b)  shows  an  oscillogram  of  a 
negative  current-pulse  collected  through  the  anode,  of  approximately  lOA  amplitude,  indicating  an 
emission  of  negative  current  from  the  alumina  specimen,  coincident  in  time  with  the  collapse  of  the 
applied-voltage  (VO  across  the  alumina  insulator,  and  exceeding  an  estimated  lA  of  capacitive 
displacement  current . 


3.  DISCUSSION  AND  CONCLUSIONS 

This  study  has  presented  real-time  images  of  photon-emission  processes  resulting  from  electrically- 
induced  pulsed-breakdown  flashover  across  an  alumina  insulator  in  vacuum.  Referring  to  Figs.  4(a)  and 
4(b),  two  types  of  optical  phenomena  have  been  identified  from  the  pulsed-breakdown  flashover  of  the 
alumina  specimen,  namely 

•  an  explosive  'luminous  centre',  within  the  SOOpm  alumina  gap  between  the  ring-electrodes,  and 

•  bright  'jets',  emitted  out  of  the  alumina  specimen,  propagating  with  straight-line  trajectories,  and  which 
appear  to  emanate  from  a  luminous  centre  within  the  alumina  gap. 

Graphical  projection  of  the  jet-trajectories  does  not  show  a  single  point  of  convergence:  instead,  the 
trajectories  appear  to  stem  from  several  points,  suggesting  a  finite  distribution  of  jet  sources  within  the 
alumina  gap;  some  jets  appear  to  showing  modulation  of  the  recorded  intensity  along  their  length 
(Fig.  4(b)). 

Studies  of  the  vacuum  plasma-efflux  from  an  alumina-insulated  spark  plug,  by  Buraczyk  et  aP , 
detected  ionised  species  of  aluminium  (Al)  and  oxygen  (O)  from  the  alumina  insulator.  This  observation 
may  be  consistent  with  an  apparent  explosive  emission  of  material  from  within  the  SOOpm  alumina  gap 
of  the  metallized  samples  used  in  this  work,  as  indicated  by  the  pulsed-breakdown  images  of  Fig.  4;  a 
predominant  emission  of  negative  ion  species  (such  as  O"-)  and  electrons  in  the  jets  observed  in  this 
work  may  contribute  to  the  observed  negative  current  collected  from  these  jet  phenomena  (Fig.  3(b)). 
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ABSTRACT 


The  results  of  the  investigation  of  amplitude  and  spatial-time  characteristics  of  the  initial  conduction  current  at 
pulse  voltage  of  a  microsecond  duration  in  the  centimeter  gaps  in  commercial  vacuum  are  presented  and  discussed. 

1.  INTRODUCTION 

Numerous  investigations  of  electric  insulation  in  commercial  vacuum,  the  operating  conditmns  of  a  majority  of 
electrophysical  devices  showed  that  the  discharge  evolution  has  remarkable  peculiarities  therein  The  peculiarities 
can  hardly  be  explained  in  terms  of  the  field  emission  breakdown  model  only.  They  involve,  first  of  all,  a  decrease  by 
one  or  two  orders  of  magnitudes  in  the  average  breakdown  electric  field  in  the  discharge  gap;  well  pronounced  e  ec 
of  the  total  voltage;  evolution  of  light  phenomena  in  the  stage  of  initial  conduction;  dependence  of  the  mam  discharge 
characteristics  on  the  vacuum  parameters.  The  difference  between  the  breakdown  development  in  commercial  vacuum 
and  under  highly-pure  conditions  get  stronger  with  increasing  the  discharge  gap  length. 

Our  investigations  of  the  electrical  discharge  in  centimeter  vacuum  gaps  at  quasirectangular  voltage  pulses  of  a 
microsecond  duration  have  provided  an  additional  information  on  the  current  dynamics  m  the  vacuum  discharge  gaps 
in  a  wide  range  of  peak  currents  and  the  current  dependence  on  the  experimental  conditions.  When  conducting  t  e 
experiments  we  used  five  oscilloscopes  adjusted  synchronously  to  different  amplitude-time  regions  of  the  oscillograi^ 
from  initial  conduction  current.  A  pumped-out  Faradey  cylinder  used  for  measuring  the  electron  component  ot  the 
initial  conduction  current  was  placed  behind  thin  plane  anode.  The  cathode  was  a  sphere  12  cm  m  diameter,  io 
indicate  and  analyze  weak  light  emission  we  used  the  photomultipliers,  the  monochromators,  and  the  spectrographs 
operating  used  in  the  visible  wavelength  range. 


2.  EXPERIMENTAL  RESULTS 


Fig.  1.  The  voltage  (i),  the 
micro  discharge  current  (^),  the 
pressure  burst  (5),  and  the 
prebreakdown  current  (4) 
oscillograms 


Fig.  2.  Current  rise  on  the  microdischarge 
front 


At  the  voltages  far  be¬ 
low  the  breakdown  volt¬ 
age,  the  vacuum  gap  cur¬ 
rent  has  a  character  ol  a 
single  self-damping  pu  lse 
(Figs.  1,  curve  2)  of 
several  tens  of  microsec¬ 
onds  in  duration.  Dur¬ 
ing  the  pulse  risetime, 
the  current  increases  ex¬ 
ponentially  in  the  range 
of  several  orders  of  mc.g- 
nitude:  (Fig.  2).  The 
micro  discharge  peak  cur¬ 
rent  depends  on  many 
factors.  With  increasiiig 
the  pressure  of  residual 
gases  from  2.6  x  10~"  to 
3.6  X  10"^  Pa  the  mi¬ 
cro  discharge  current  de¬ 
creases  by  four  orders  of 
magnitude.  It  is  strongly 
influenced  by  electrode 
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Fig.  3.  Microdischarge  peak  current  for  gap  spacings  8 
(1)  and  6  cm  (2) 


200  250  300  U  u}/ 

f 

Fig.  4.  Microdischarge  current- voltage  characteristi^: 


conditioning.  Increasing  the  number  of  pre-burning  pulses  from  50  to  250  leads  to  a  decrease  in  the  microdischarge 
peak  current  by  two  orders  of  magnitude.  The  cathode  heating  up  to  300  leads  to  a  decrease  in  current  by 
five  orders  of  magnitude.  Under  other  equal  conditions,  the  microdischarge  peak  current  is  higher  in  the  longer 
gaps  (Fig.  3).  The  current- voltage  characteristic  is  saturated  in  the  range  of  high  voltages  (Fig.  4).  By  means  of 
electron-ionization  transducer,  pressure  bursts  were  been  indicated  which  appeared  in  step  with  the  microdischarge 
current  and  enhanced  the  residual  gas  pressure  in  the  experimental  chamber  near  by  an  order  of  magnitude  (Fig.  1, 
curve  3).  The  pressure  burst  amplitude  increases  linearly  with  increasing  in  microdischarge  current.  A  weak  glow 
appeared  in  the  gap  in  step  with  the  microdischarge  current.  Photometrical  analysis  of  its  spatial  structure  has 
shown  that  the  glow  was  spatial  in  character.  The  intensity  is  high  near  the  cathode,  on  the  gap  axis  but  reduces 
monotonically  in  radius. 

When  the  gap  voltage  approaches  the  breakdown  one,  strong  deformations  in  the  oscillogram  of  the  microdischaige 
current  take  place.  The  falling  waveform  branch  exhibits  fast  current  bursts  (see  Fig.  1,  curve  4)  of  periodic  character 
and  high  enough  amplitude.  The  time  between  the  current  bursts  depends  on  the  electrode  separation.  When  it  gets 
shorter  the  current  oscillation  period  proportionally  decreases.  With  one  of  these  bursts,  the  discharge  was  observed 
to  go  into  a  high-current  stage  and  the  gap  eventually  breaks  down. 

In  this  case,  essential  changes  in  the  spatial  discharge  structure  took  place.  In  the  stage  of  initial  high-voltage 
conductance,  the  space  discharge  was  localized  at  small  areas  of  the  cathode  surface.  First  at  the  cathode,  and 
then  at  the  anode,  the  brightly  luminous  flares  were  formed.  As  they  approach  each  other,  the  discharge  becomes 
irreversible  and  the  gap  is  eventually  broken  down. 

3.  DISCUSSION 

Microdischarge  as  a  form  of  high-voltage  conduction  of  the  discharge  gaps  in  commercial  va-'-uum  and  its  more 
intensive  forms,  high  voltage  vacuum  discharge,  were  investigated  thoroughly It  should  be  noted  that  in  a  lot 
of  studies  microdischarge  was  considered  as  an  independent  discharge  process  which  was  related  to  a  subsequent 
breakdown.  The  use  of  a  pulsed  voltage  and  high  resolution  in  current  in  our  experiments  allowed  us  to  reveal  new 
elements  in  the  time  behavior  of  the  microdischarge  current  and  to  indicate  an  essential  connection  between  the 
microdischarge  and  the  subsequent  breakdown.  Our  earlier  work^  has  shown  that  for  a  nonovej  volted  breakdown, 
the  stage  of  comparatively  slow  current  rise  and  the  stage  of  fast  current  rise  terminating  with  breakdown  may  be 
inferred  from  the  same  oscillogram. 
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Even  at  low  overvoltages,  the  stage  of  abrupt  current  rise  was  seen  to  come  across  the  falling  branch  on  the 
oscillogram  of  the  microdischarge  current  to  reach  its  peak  values.  For  overvoltages  exceeding  10%,  both  current 
stages  were  merged  and  indiscernable  on  one  oscillogram. 


These  experimental  results  and  the  above  mentioned  evidences  on  the  development  of  the  microdischarge  curren 
instabilities  may  draw  to  the  conclusion  that  microdischarge  encourages  the  conditions  for  breakdown  in  commer¬ 
cial  vacuum.  As  for  the  physical  mechanism,  one  may  suggest  that  positive  ions  retained  in  the  gap  alter  the 
microdischarge  enhance  the  cathode  field  to  the  value  high  enough  to  cause  field  emission  from  the  cathode  surface 
irregularities.  At  a  threshold  current  density,  the  field  emission  destroyes  the  irregularities  and  produces  metallic 
plasma  which  is  necessary  for  breakdown  to  occur.  In  this  case,  the  breakdown  criterion  may  be  the  achievement  of 
some  critical  current  density  of  the  positive  ions.  As  for  the  physical  mechanism  of  microdischa'-ges  in  commercial 
vacuum,  our  studies  confirm  the  concepts  available  in  the  literature. 


The  above  experimental  results  as  well  as  the  evidence  for  the  microdischarge  ability  develop  under  dropping 
voltage  at  the  gap  electrodes,  and  to  extinguish  at  a  steady  voltage;  non-metallic  nature  of  the  discharp  plasma;  low 
threshold  voltage  for  the  microdischarge  initiation;  strong  influence  of  the  electrode  conditioning  on  their  character¬ 
istics  make  it  possible  to  speak  about  them  as  being  a  discharge  process  in  the  environment  of  the  gases  desorbed 
from  electrodes  and  the  electrode  contaminant.  At  pulsed  voltages  of  microsecond  duration,  the  dynamic  higher 
pressure  regions  of  desorbed  gases  are  able  to  form  and  electron  avalanches  to  develop  in  the  centimeter  vacuum 
gaps.  Quantitative  estimation,  comparison  of  the  calculated  and  experimental  date  on  the  peak  microdischarge 
current  and  its  dynamics  at  the  front  and  the  time  evolution  argue  in  favor  of  their  justifiability. 
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Abstract 

The  electrodes  used  in  this  investigation  to  experimentally  evaluate  the  effect  of  diamond  turning 
on  electrical  breakdown  characteristics  in  vacuum  were  first  roughly  machined  by  turning,  and  then 
machined  to  a  mirror  finish  by  diamond  turning.  Residual  stresses  of  the  electrode  surfaces  were 
measured  by  an  X-ray  diffraction  method  before  and  after  the  diamond  turning.  Several  electrodes 
were  annealed  in  vacuum  for  one  hour  at  400°C  or  700°C  before  the  diamond  turning.  Vacuum 
breakdown  experiments  using  impulse  voltages  with  the  wave  form  of  64/700  ps  revealed  that  the 
diamond  turning  improves  breakdown  strength,  that  the  conditioning  of  vacuum  gaps  is  achieved 
by  only  few  tens  of  breakdowns,  and  that  annealed  electrodes  have  a  better  hold-off  voltage 
capability. 


1 .  Introduction 

Particle  accelerators,  vacuum  interrupters,  and  other  such  devices,  must  have  good  insulating 
properties,  and  for  better  performance,  the  vacuum  gaps  must  have  higher  hold-off  voltages.  In 
these  devices  oxygen-free  copper  (OFC)  is  often  used  in  the  high-voltage  electrodes  in  vacuum, 
and  vacuum  breakdown  phenomena  are  greatly  affected  by  the  surface  condition  of  these 
electrodes.  Because  one  cause  of  the  electrical  breakdown  of  vacuum  gaps  is  the  field  electron 
emission  from  small  protmsions  on  the  cathode,  electrode  surfaces  are  usually  polished  or  machined 
to  be  smooth.  Polishing  or  machining,  however,  sometimes  increases  residual  surface  stresses  that 
will  affect  breakdown  strength.  Diamond  turning  can  be  used  not  only  to  produce  a  mirror  finish, 
but  also  to  reduce  the  residual  surface  stresses  caused  by  machining  or  polishing. 

We  therefore  experimentally  evaluated  the  residual  surface  stresses  of  OFC  electrodes  before  and 
after  diamond  turning,  and  we  measured  the  breakdown  strength  of  diamond-turned  OFC  elec¬ 
trodes  after  they  had  been  annealed  under  several  conditions. 

2.  Preparation  of  sample  OFC  electrodes 

Figure  1  shows  the  shape  of  OFC  electrode  used  in  this  investigation.  The  purity  of  the  electrodes 
satisfied  the  standards  for  ASTM-F-68  Class  1.  Typical  chemical  compositions  were  as  follows: 
copper  was  more  than  99.996%,  hydrogen  gas  content  was  less  than  0.5  ppm  and  oxygen  gas 
content  was  less  than  2  ppm.  We  had  previously  found  that  Class  1  OFC  electrodes  have  high 
breakdown  strength  and  a  significant  conditioning  effect.^  These  electrodes  were  first  roughly 
machined  by  turning  them  to  the  mushroom  shape  shown  in  Fig.  1.  Several  electrodes  were  then 
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annealed  in  vacuum  for  one  hour  at  400°C  or  700°C. 

These  electrodes  were  then  machined  by  diamond  turning 
to  a  mirror  finish.  The  cutting  condition  of  the  diamond 
turning  of  the  OFC  electrodes  have  been  given  in  Ref.2. 

Residual  stresses  of  electrode  surfaces  were  measured  by  _ l - - - ^ 

X-ray  diffraction  method  before  and  after  the  diamond 
turning. 

Figure  2  is  a  phase-contrast  photomicrograph  of  the 
electrode  surface  after  the  diamond  turning.  It  shows  that 
the  pitch  is  15  pm,  and  the  surface  roughness  was  0.06 
pm.  Diamond  turning  reduces  residual  stresses,  for 
example,  from  158.8  MPa  to  42.5  MPa  (Table  1). 

Three  pairs  of  OFC  electrodes  making  three  vacuum 
gaps  were  prepared  in  this  investigation: 

Gap  A:  Only  the  diamond  turning 

Gap  B:  Annealed  at  400°C  in  vacuum  and  the  diamond 
turning 

Gap  C:  Annealed  at  700°C  in  vacuum  and  the  diamond 
turning 

The  experimental  procedure  was  as  follows.  All  of  the  electrodes  were  first  ultrasonically  cleaned 
in  an  acetone  bath  for  10  minutes  and  then  placed  into  a  vacuum  chamber,  where  their  surfaces 
were  cleaned  by  He  ion  bombardment.  Afterwards,  a  series  of  500  vacuum  breakdowns  was  carried 
out  for  each  test  gap.  The  voltages  applied  were  positive  impulses  (64  ps  rise  and  700  ps  decay) 
reaching  a  maximum  of  100  kV.  The  pressure  in  the  vacuum  chamber  before  breakdown  test  was 
reduced  by  sputter  ion  pumps  and  Ti-getter  pumps  to  1-3x10“®  Pa. 


Figure  1. 

Shape  of  the  OFC  electrodes. 


Table  1. 


Residual  stresses  of  OFC  electrodes 
before  and  after  the  diamond  turning. 


Residual  stresses 

[MPa] 

Samples 

Before 

Anode  Cathode 

After 

Anode  Cathode 

Gap  A 

-  21.8 

-  62.4 

+  66.9 

+ 

47.7 

Gap  B 

+  1 12.8 

+  76.1 

+  34.8 

+ 

46.8 

Gap  C 

+  158.8 

+205.7 

+  42.5 

+ 

42.4 

75  Mm 

Figure  2. 

Micrograph  of  electrode  surface 
after  diamond  turning. 


3.  Experimental  results  and  discussion 


3.1  Breakdown  field 

The  dependence  of  breakdown  fields  (breakdown  voltage/gap-length)  on  the  number  of  break¬ 
downs  is  shown  in  Figure  3.  Breakdown  fields  at  the  first  voltage  application  are  71.4  MV/m  for 
Gap  A,  49.4  MV/m  for  Gap  B,  and  14.9  MV/m  for  Gap  C.  As  a  result  of  the  conditioning  effect. 
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these  values  gradually  rise  as  the  number  of  breakdowns 
increases,  and  then  they  then  settle  down  to  final  break¬ 
down  fields  averages  of  settled  down  values:  160  MV/m 
for  Gap  A,  230  MV/m  for  Gap  B,  and  250  MV/m  for  Gap 
C.  On  the  other  hand,  in  breakdown  test  without  He  ion 
bombardments^  the  first  breakdown  fields  were  12.5 
MV/m  for  Gap  A,  12.4  MV/m  for  Gap  B,  and  11.8  MV/m 
for  Gap  C  and  the  final  breakdown  fields  were  140  MV/m 
for  Gap  A,  150  MV/m  for  Gap  B,  200  MV/m  for  Gap  C. 
In  the  present  experiments,  using  the  He  ion  bombard¬ 
ment  technique  to  clean  the  electrode  surface  increased 
the  breakdown  strength. 

Both  the  first  and  the  final  breakdown  fields  are  very 
important  values  for  representing  the  breakdown  strength, 
since  the  difference  between  these  two  values  shows  a 
degree  of  the  effect  of  conditioning.  The  values  obtained 
from  the  data  shown  in  Fig.  3  are  summarized  in  Table  2. 

Comparing  the  values  in  Table  2  with  the  values 
obtained  in  another  experiment  carried  out  with  electrodes 
machined  by  ordinary  turning'*,  confirmed  that  the 
diamond  turning  results  in  higher  breakdown  fields,  that 
is,  greater  breakdown  strength.  This  is  because  the 
diamond  turning  of  OFC  electrodes  releases  surface 
residual  stresses  due  to  machining  or  polishing. 

Furthermore,  the  diamond  turning  results  in  a  different 
conditioning  effect.  The  conditioning  effect  shown  in 
Fig.3  is  no  longer  apparent  after  about  100  breakdowns, 
whereas  with  only  the  ordinary  turning  of  electrodes  the 
conditioning  effect  continued  through  500  breakdowns. 
Similar  trends  are  seen  in  the  results  of  the  OFC"*  and 
stainless  steeT  electrodes  polished  with  electro  chemical 
buffing  (ECB).  Either  diamond  turning  or  ECB  makes 
the  electrode  surfaces  mirror-like,  greatly  reducing  the 
size  and  number  of  small  protrusions  and  the  amount  of 
gas  adsorbed  on  the  electrode  surfaces.  It  is  therefore 
expected  that  the  conditioning  of  vacuum  gaps  can  be 
achieved  with  few  breakdowns. 

The  values  listed  in  Table  2,  we  show  that  the  final 
breakdown  fields  of  Gap  B  and  Gap  C  (annealed)  are 
higher  than  those  of  Gap  A  (unannealed).  This  is  because 
the  annealing  reduces  gas  content,  and  changes  the  quality 
of  the  electrode  surface  (recrystallization).  Breakdown 
strength  can  thus  increased  by  annealing  of  electrodes  in 
vacuum  before  the  diamond  turning. 

3.2  Electrode  surface  conditions 


Figure  3. 

Dependence  of  breakdown  field 
on  the  number  of  breakdowns. 

□  Gap  A;  Diamond  turned 
•  Gap  B:  Annealed  at  400”C 
and  diamond  turped 
oGap  C;  Annealed  at  700  C 
and  diamond  turned 


Table  2. 


First  and  average  breakdown  fields. 
Number  in  ()  denote  the  range  of 
breakdown  fields  averaged. 


Breakdown  fields 

[MV/m] 

Samples 

First 

Average 

Gap  A 

71 .4 

160  (50-500) 

Gap  B 

49.4 

230  (50-500) 

Gap  C 

14.9 

250(150-500) 

Scanning  electron  microscope  (SEM)  photographs  of  electrode  surfaces  after  500  breakdowns  of 
Gap  A  are  shown  in  Figs.  4(a)  and  4(b),  which  show  the  center  of  the  electrode  surfaces  magnified 
50,000  times.  Figure  4(a)  shows  the  anode  surface,  and  Figure  4(b)  shows  the  cathode  surface. 
These  figures  show  many  small  particles,  and  the  density  of  the  particles  is  lower  on  the  cathode 
surface  than  on  the  anode  surface.  Furthermore,  grain  boundaries  are  seen  in  Figure  4(b).  These 
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features,  many  small  particles  and  grain  boundaries,  are  not  seen  on  the  surface  of  OFC  electrodes 
prepared  by  ordinary  turning,  and  they  indicate  that  the  Bailby  layers  due  to  500  breakdowns  were 
removed. 


(a)  anode  (b)  cathode 

600nm  Figure  4.  600nni 

Micrograph  of  electrode  surface 
after  500  breakdowns.  (Gap  A) 

4.  Conclusions 

1.  The  diamond  turning  of  OFC  electrodes  improves  breakdown  strength  and  the  conditioning 
effect. 

2.  Annealing  electrodes  in  vacuum  greatly  affects  breakdown  strength,  and  annealing  electrodes  in 
vacuum  before  the  diamond  turning  improves  breakdown  strength  even  more. 

3.  SEM  pictures  of  electrodes  after  500  breakdowns  show  grain  boundaries  due  to  vacuum 
breakdown. 
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Using  of  carbine  coatings 
to  increase  electric  strength  of  vacuum  gap 
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Russia 


1.  INTRODUCTION 

Stability  of  output  parameters  of  power  highvoitage  vacuum  devices  is 
connected  with  the  problem  of  interelectrode  vacuum  gap  electric  strength  and 
electrode  thermal  loads  increase  well  as  davelopment  of  stable  form  elect¬ 
rodes.  One  of  the  way  to  solve  this  problem  is  using  graphite  being  a  well  as 
known  in  electronics  material  or  some  other  materials  on  the  base  of  carbon 
with  their  unique  mechanical  and  thermophysical  properties  as  soon  as  their 
essential  defect,  the  law  electricstrength  is  eliminated. 

The  coal -graphi te  mater iais  are  successfully  used  in  those  cases,  when  the 

electrode  forced  cooling  is  difficult  if  their  form  have  to  be  saved?  The  adv¬ 
antages  of  the  carbon  materials  are  evident:  high  melting  temperature,  high 
radiation  and  thermal  conductivity  coefficients,  law  coefficient  of  second  em¬ 
ission  and  absence  of  tliertT^a)  d?fort/iat  ion. 

Despite  the  all  advantages,  use  of  graphite  and  the  coal  graphite  materi¬ 
als  in  power  electron  devices  is  limited  because  of  disadvantages  being  the 
cause  of  the  high-voltage  vacuum  gaps  law  electric  strength.  They  are  the  fol¬ 
lowing:  porosity  determinining  the  high  sorption  ability  and  content  of  big  gas 
volume  in  tne  elec  trode  depth  and  this  leads  to  discharge  progress  in  the  po- 
2 

res  ,  relatively  law  mechanical  strength,  which  in  strong  electric  fields  is 

the  cause  of  slightly  connected  particles.  Partly  these  disadvantages  could  be 
eliminated  by  use  in  the  electrodes  graphite  condensed  by  pyrolythic  carbon 
and  by  use  a  composite  carbon-carbon  material. 


2.  EXPERIMENTAL  RESULTS 


The  experiments  within  the  work  showed  that  the  best  results  of  vacuum  gap 
electric  strength  can  be  achieved  after  high-melting  metal  carbide  coatings 
are  deposited  on  coal  graphite  electrodes.  The  high-melting  metal  carbides  are 
cheMicaiiy  passive  to  graphite  and  composites  on  the  base  of  carbon,  they  sur¬ 
pass  high-melting  metals  by  some  physical  characteristics,  such  as  melting  te- 
ffipf;  rat  lire,  modulus  of  elasticity,  hardnes.s  and  have  less  evaporation  velocity 
as  well  as  law  coefficient  of  thermal  expansion.  From  checked  high  melting  me¬ 
tal  carbides  tantalum  carbide  (TaC)  was  used  to  be  deposited  on  the  graiihite 
electrodes,  lae  thickness,  quality  and  structure  of  the  coating  are  determined 
by  the  coating  forming  method.  Of  the  four  checked  coating  forming  methods: po¬ 
wder  sintering,  vacuuK  deposition,  plasma  deposition  and  thermal  gas-diffusion 
forming  the  latter  was  chosen.  During  the  thermodiffusion  tantalum  atoms  depo¬ 
siting  onto  the  graphite  surface  are  being  formed  while  thermal  dissociation 

of  tantalum  chloride  molecules  (TaCl)  .  The  realized  coating  has  high  mechani- 
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cal  strength,  uniformity,  homogeneity  and  can  be  coated  on  electrodes  of  any 
form.  The  deposited  coating  purity  grade  depends  on  preliminary  treatment  of 
the  electrodes.  On  polished  pyrographyte  a  mirror  coating,  on  which  any  defec¬ 
ts  (omissions , cracks,  chips  etc}  are  completely  absent,  is  created.  Such  coa¬ 
tings  bear  thermocycles  at  temperatures  up  to  1500  0.  The  thermodiffusion  me¬ 
thod  makes  it  possible  to  vary  the  coating  thickness  from  50  till  200  m. 

Electric  strength  of  a  vacuum  gap  with  graphite  electrodes  coated  by  TaC 

5 

are  determined  by  the  breakdown  probability  curvesp resented  in  Fig.l  .  The  cu¬ 
rves  were  measured  at  the  intereleccrode  distance  of  d  =  l.Ji  mas  in  the  same 
vacuum  conditions  with  the  oilless  pumping  out.  The  curve  1  corresponds  to  the 
fr  te  eieci^rodcs.,  the  cv.rve  2  corroEptiuds  to  the  oiectrodes  of  grepVii-- 

te  condensed  by  pyrolythic  carbon,  the  curve  3- the  pyrographite  electrodes  co¬ 
ated  by  TaC.  To  be  compared  the  electric  strength  curve  for  stainless  steel 
electrodes  gap  of  d  =  1.5  mm  is  presented.  It  is  evident  that  curves  3  and  4 
are  practically  coincident  and  it  means  that  a  carbide  -  tantalum  coating  on 
graphite  allows  increasing  breakdown  voltage  of  a  vacuum  gap  three  times  and 
make  it  closer  to  breakdown  voltage  of  stainless  steel. 

The  essential  increasing  breakdown  voltage  of  a  vacuum  gap  after  the  c-ar- 
bide  -  tantalum  coating  is  deposited  can  be  caused  by  several  reasons.  One  of 
them  is  absence  of  slightly  connected  particles  and  consequently,  -  decreasing 
probability  oi  the  graphite  electrode  surface  ledges  forming  with  raised  inte- 

nsity  of  local  electric  field.  The  second  likely  explanation  ahypothesis  of 

Tatarinova  N.  vf  gives.  The  matter  of  it  is  that  breakdown  can  appear  at  the 
field  intensity  which  is  essentially  less  than  it  is  needed  for  autoelectrcm 
emission.  Porosity  decrease  when  depositijig  and  consequently  gas  -  saturation 
reduce  leads  to  lessening  ionization  probability  in  the  graphite  electrode  mi¬ 
cropores  whicli  usually  sharply  decrease  the  electric  strength. 

In  the  work  some  physical  constants  of  the  graphite  TaC  coating  are  rece¬ 
ived:  gas  penetrability  at  the  100  coatiag  thlclrness  nrd  roo^  te.'aperature- 

lO"  mm  Hg  1/cm's;  second  electron  emission  coefficient  at  the  voltage  up  to  5 
kV-  le?;T  than  1,  effectwe  'vork  fanctAou  of  electron  at  the  1470  -  1970  h  teai- 
peratures-  3.55  -  3.7  eV;  integral  radiation  coefficient-  0.25  -  0.35. 

The  high  electric  strength  and  positive  data  on  some  physical  properties 
of  the  coating  made  it  possible  to  use  successfully  graphite  electrodes  with 


the  TaC  coating  when  creating  high-current,  high-voltage  accelerators. 

In  Fig.  a  i-hot.jgraph  of  an  accelerator  diode  with  the  mosaic  cathode  of 
lanthanum  hexaboride  is  presented.  The  cathodic  electrode,  accelerating  greed 
and  cathode  hoijslng  are  made  of  graphite  with  the  TaC  coating.  The  cathode  - 
greed  interval  is  equal  to  10  ram.  In  cold  state  the  accelerator  diode  has  been, 
training  by  high  voltage  for  several  hours  up  to  300  V.  Under  the  heated  cath- 
ouc  conditions  operation  voltage  was  equal  to  109  ieV  at  the  400  A  beam  current 
and  100  s  pulse  width.  After  the  vacuum  being  lost  the  second  training  time 
much  shortened  .and  the  operation  voltage  value  was  achieved  within  10—  15  mi 


utes. 

3. CONCLUSIONS 

As  a  result  of  the  carried  out  work  it  is  established,  that 
the  electric  strength  of  the  vacuum  gaps  with  graphite 
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electrodes  can  be  increased  more  than  three  times  when  using  high-melting  me- 
meial  carbide  coatings  and  achieve  the  values  oorrespoading  to  the  stainless 
steel  electrodes. 
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Properties  of  ectons  in  a  vacuum  discharge 
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ABSTRACT 

The  paper  deals  with  ectons,  emission  centers  produced  on  the  surface  of  a  cathode  as  a  result  of  heating  and 
explosion  of  its  material  due  to  large  specific  energy  accumulated  in  cathode  microvolumes.  The  criteria  for  the 
initiation  and  self-sustaining  of  ectons  are  given  and  their  parameters  and  types  are  discussed. 

1.  INTRODUCTION 

It  has  been  shown*^”^  that  the  microexplosions  occurring  on  a  cathode  cause  intense  electron  emission  accom¬ 
panied  by  ejection  of  electrons,  plasma,  metal  vapor  and  microdrops.  This  phenomenon  was  named  Explosive 
Electron  Emission  (EEE)^''^.  It  was  believed  that  there  exists  only  one  mechanism  for  microexplosions:  heating  of 
the  cathode  microexplosions  due  to  field  emission  (FE)^.  EEE  plays  a  fundamental  part  in  a  vacuum  discharge  . 
The  goal  of  this  paper  is  to  show  that  there  exist  a  number  of  microexplosion  mechanisms  and  FE  is  only  one  of  a 
few  possible  initiating  phenomena. 

For  instance,  consider  how  the  FE-initiated  EEE  appears  and  proceeds.  When  the  current  density  j  is  greater 
than  10*  A/cm^  ,  a  microexplosion  on  the  cathode  surface  takes  an  energy  of  the  order  of  10^  J/g  and  explodes  in 
time  fd  ,  which  can  be  found  for  many  metals  from  the  relation 

h  =  f  pdt,  (1) 

Jo 

where  Ji  is  named  a  specific  action.  Its  value  for  metals,  such  as  Cu,  Al,  Au,  Ag,  Ni,  and  Fe  is,  respectively,  1.91, 
0.92,  0.83,  1.04,  0.73,  0.54  -10®  A^  •  cm-'‘  •  s. 

Once  an  explosion  occurs,  an  EEE  current  starts  flowing  and  a  microcrater  appears  on  the  cathode.  When 
the  EEE  current  exceeds  some  threshold  value  ithr  (a  few  amps),  the  current  produced  by  the  first  microexplosion 
ceases  (in  a  time  of  the  order  of  10~®  -  10“*  s),  the  process  becomes  self-sustaining,  and  each  new  microexplosion 
behaves  in  fact  like  the  secondary  electrons  in  a  gas  discharge,  that  appear  at  the  cathode  under  the  action  of  ions, 
photons,  metastables,  and  the  like.  I  have  named  this  phenomenon  an  ecton,  since  the  zone  of  EEE  operation  is 
often  referred  to  as  an  explosion  center.  The  term  ’ECton’  has  been  constructed  using  the  first  tetters  of  these 
English  words.  An  ecton  is  a  short  electron  burst  emitted  from  a  localized  region  on  a  cathode. 

Thus,  for  a  primary  electron  to  appear,  it  is  necessary  that  the  specific  energy  in  a  cathode  microvolume  be 
high  enough  (>  lO'^  J/g  ),  and  for  the  primary  ecton  to  be  able  to  initiate  one  or  several  secondary  ectons,  its 
current  should  be  greater  than  some  threshold  current.  These  are  in  fact  two  principal  criteria  for  the  appearance 
and  self-sustaining  of  ectons.  It  can  readily  be  shown,  however,  that  these  conditions  may  be  provided  not  only  by 
field  emission,  but  also  by  other  similar  processes. 

2.  INITIATION  AND  SELF-SUSTAINING  OF  ECTONS 

The  energy  density  needed  to  be  accumulated  in  a  cathode  microvolume  for  a  microexplosion  to  occur  can 
be  provided  by  an  intense  flow  of  laser  radiation,  plasma,  or  ions,  a  fast  microparticle  impact,  a  discharge  over 
the  surface  of  a  dielectric  in  the  place  of  its  contact  with  a  point  (triple  point),  by  producing  metallic  cathode  - 
anode  bridges,  etc.  These  processes,  however,  not  necessarily  should  result  in  microexplosions.  There  exist  some 
accompanying  effects,  which  appear  at  comparatively  weak  energy  fluxes,  that  further  promote  the  accumulation 
of  energy  in  cathode  microvolumes.  The  most  important  of  them  is  the  interaction  of  the  cathode  surface  with 
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plasma.  Plasma  may  be  generated,  in  particular,  as  a  result  of  evaporation  of  cathode  material  from  a  microarea  or 
gas  desorption  under  the  action  of  high  temperatures  and  subsequent  ionization  of  the  gas  and  metallic  vapor  by  an 
electric  field.  The  short  time  scale  of  the  electron  emission  in  an  ecton  is  conditioned  by  the  facts  that  the  emitted 
current  is  low  and  exists  for  a  short  time  and  that  eventually  the  selTcutoff  of  current  occurs  due  to  cooling  of  the 
emission  zone.  The  criterion  for  an  ecton  to  be  initiated  is  that  the  needed  energy  be  accumulated  in  microvolume 
Wo  of  the  cathode  at  its  surface  in  a  time  shorter  than  the  characteristic  time  of  energy  scattering  r: 


dw  m 

dt  ^  T 


(2) 


where  Wo  is  of  the  order  of  the  sublimation  energy  and  t  =  b/vs  (b  is  the  linear  dimension  of  the  explosion  region 
and  Vs  is  the  velocity  sound).  If  energy  scattering  occurs  through  heat  conductance,  it  is  necessary  to  have  b  <C  ^/aT 
,  where  a  is  the  thermal  diffusivity. 


Let  us  now  discuss  the  criteria  for  an  ecton  to  be  self-sustained.  The  self-sustaining  is  due  to  the  plasma  - 
metal  surface  interaction.  Scattered  ectons  appear,  as  a  rule,  as  a  result  of  charging  dielectric  films  and  inclusions 
present  on  the  cathode  by  plasma  ions.  If  we  assume  that  an  ecton  is  produced  when  the  electric  field  inside  the 
dielectric  reaches  E  >  10^  V/cm,  then,  in  order  that  this  film  be  charged  in  f  <  10“^  s,  it  is  necessary  to  have 

n\v\  >  10^^  cm~^  (3) 

where  Vi  is  the  velocity  of  ions  and  n\  the  ion  density.  If  vi  «  10^  cm/s,  then,  for  an  ion  density  n[  «  10^^  cm”^, 
we  may  expect  that  ectons  will  appear  under  the  action  of  the  plasma  coming  at  the  cathode. 

Grouped  ectons  appear,  to  our  opinion,  due  to  an  increase  in  the  current  density  through  the  neck  formed 
during  the  detachment  of  a  drop  from  the  cathode  surface  or  through  cathode  microprotrusions.  If  we  assume  that 
the  main  current  component  is  ionic,  then,  in  order  that  the  current  density  through  the  neck  be  10^  A/cm^  ,  it  is 
necessary  that  the  inequality 

1028 

(4) 

where  /?j  is  the  current  density  enhancement  factor,  be  satisfied.  If  we  even  assume  that  /?j  «  10^  to  10^  ,  then, 
for  grouped  ectons  to  appear,  it  is  necessary  that  the  plasma  density  be  2  to  3  orders  of  magnitude  greater  for  the 
same  ion  velocity^. 


Let  us  consider  how  the  value  of  /?j  can  be  estimated  for  variously  shaped  microprotrusions.  Let  the  surface 
area  of  a  microprotrusion  be  equal  to  S  and  the  place  of  its  contact  with  the  cathode  has  the  shape  of  a  circle  of 
radius  r.  Then  the  ion  current  jyS  incident  on  the  microprotrusion  surface  will  have  the  density  in  the  place  of 
contact  jiSfirr^  .  The  current  density  enhancement  factor  will  then  be 


s 

Trr^ 


(5) 


For  instance,  for  a  cylinder  on  a  plane,  /?j  will  be  2/i/r,  where  h  is  the  cylinder  height;  for  a  cone  //r,  where  /  is 
the  length  of  the  cone  generating  line,  and  for  a  sphere  ,  where  R  is  the  sphere  radius.  The  h/r  value  for 

cylindrical  microprotruions  is  well  known  from  measurements,  because  it  is  also  a  characteristic  of  the  electric  field 
enhancement,  and  typically  it  is  10^  or  more^  .  For  a  spherical  microprotrusion,  /3j  may  be  10^  or  greater.  This 
effect  increases  the  plasma  ion  flow  density  onto  the  cathode,  what  may  lead  to  appearance  of  secondary  ectons. 

Using  the  EEE  phenomenon  as  an  example,  let  us  show  why  an  ecton  exists  for  a  short  time  10”^  to  10”® 
s)  and  then  disappears,  giving  rise  to  new  ectons.  This  is  due  to  the  fact  that  the  crater  formed  as  a  result  of  the 
Joule  heating  of  the  cathode  by  the  EEE  current  is  increased  in  radius,  evaporates  atoms,  and  ejects  hot  liquid 
metal.  This  causes  the  crater  to  cool  and  the  emission  to  cease.  It  was  already  mentioned  that  there  exist  two 
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types  of  ecton.  The  first-type  ectons  are  realized,  when  the  craters  formed  on  the  cathode  surface  do  not  touch 
each  other  in  the  geometrical  sense,  while  the  second  type  of  ecton  corresponds  to  the  case,  where  secondary  craters 
appear  in  the  place  of  the  primary  ones  or  away  from  them.  Ectons  of  the  first  type  appear  due  to  the  expansion 
of  plasma  over  the  cathode  surface  or  the  charging  and  subsequent  breakdown  of  dielectric  films  and  inclusions, 
what  was  said  above.  The  second-type  ectons  are  formed  as  a  result  of  energy  accumulation  at  the  cathode  during 
the  liquid  metal  -  plasma  interaction.  We  mentioned  that  an  efficient  mechanism  for  the  production  of  secondary 
ions  may  be  the  explosion  of  the  liquid  metal  neck  formed  during  the  detachment  of  a  drop  from  the  cathode.  In 
this  case,  the  ion  current  density  onto  a  spherical  drop  may  reach  more  than  10^  A/cm^  .  Taking  into  account 
that  in  this  case  /?j  =  >  10^  ,  we  have  that,  according  to  Eq.  (1),  the  explosion  of  the  neck  will  occur  in  a 

time  id  <  10“^  s.  In  vacuum  arcs^  and  at  EEE^  the  number  of  microdrops  7  varies  between  10^  and  5  •  10*^ 
for  various  metals.  Then,  supposing  that  the  threshold  current  Zthr  needed  for  self-sustaining  of  ectons  is  equal  to 
the  current  at  which  though  one  drop  will  appear  within  the  cycle  time  Tg,  we  shall  obtain  the  criterion  for  the 
self-sustaining  of  ectons  in  the  form 

T^eHhr  >1-  (^) 


For  the  above  value  of  7  and  Tg  10“^  s,  the  current  z’thr  should  be  equal  to  a  few  amps,  which  agrees  with 
experimental  data  for  EEE^  and  vacuum  arcs^. 

3.  ESTIMATION  OF  THE  ECTON  PARAMETERS 


For  ectons  scattered  over  a  plane  metal  surface,  which  are  formed  in  a  time  of  the  order  of  10  ^  s,  the  radius 
of  the  crater  produced  by  an  ecton  and  the  mass  removed  from  the  crater  can  be  estimated  from  relations  derived 
with  the  use  of  a  simple  Joule  model: 

/  .T.  X  ^ 
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Note  that  the  current  in  these  formulas  is  lower  than  the  threshold  current.  For  example,  for  Cu  (rg  ~  10  ^  s) 
and  z  =  1  A  we  have  rgr  ~  10“^  cm  and  Mi  0.5  •  10”^^  g. 


The  situation  is  more  complicated  when  i  >  fthr-  Then  the  effect  of  ecton  self-sustaining  takes  place.  If  we 
assume  that  the  self-cutoff  of  current  occurs  at  the  instant  when  heat  removal  starts  playing  a  part  and  that 
fcr  =  then  the  time  needed  for  an  ecton  to  operate  is  determined  from  the  relation 


(9) 


and  the  crater  radius  is  found  from 


^cr  — 
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27r{ah)^ 


(10) 


Recall  the  values  of  the  thermal  diffusivity  a  for  various  metals.  For  Ag,  Al,  Au,  Cu,  Mo,  Fe,  W,  and  Ni  it  is, 
respectively,  2.6,  1.1,  1.03,  1.41,  0.59,  0.25,  0.75  and  0.26  cm^/s. 

In  deriving  formulas  (9)  and  (10)  it  was  assumed  that  the  current  i  does  not  vary  in  time.  This  is  also  valid 
for  an  arc.  For  z  ^  10  A  we  have  for  copper  from  Eqs.  (9)  and  (10)  Tg  10”^  s  and  r^r  =3-10“^  cm.  The  time 
Tg  for  lower  currents  will  be  shorter  than  the  measured  time  of  an  ecton  cycle,  because  the  supposition  that  the 
emission  ceases  only  due  to  the  onset  of  influence  of  heat  conductance  seems  to  be  not  fully  correct.  There  exist 
more  sluggish  processes.  For  instance,  from  the  drop  model  of  ecton  self-sustaining  it  follows  that  a  new  ecton  will 
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appear  only  when  though  a  single  drop  escapes  from  the  crater.  Therefore,  the  minimum  cycle  time  should  not  be 
shorter  than  the  time  needed  for  metal  ejection  from  the  crater  to  occur: 

Te  >  (11) 

V 

Here,  i;  is  the  velocity  of  motion  of  the  liquid  metal.  For  copper  and  i  =  1  to  100  A,  we  have  v  ~  10^  cm/s,  then, 
with  Eq.  (7)  taken  into  account,  we  obtain  that  the  minimum  cycle  time  should  be  no  shorter  than  one  nanosecond. 


In  explosive  electron  emission,  as  a  contrast  to  an  arc,  the  current  increases  with  time.  Let  i  —  kt  he  valid, 
then  we  have 

1  n _z  L 

(12) 
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It  is  difficult  to  determine  experimentally  the  threshold  current  for  EEE,  since  an  ecton  develops  at  a  high  rate 
of  current  rise,  Therefore,  to  estimate  the  threshold  current  for  metals,  it  would  be  better  to  use  the  data  by 
Kesaev®  obtained  in  vacuum  arc  experiments.  For  instance,  for  Cu,  Ag,  Au,  Al,  Mo,  W,  Fe,  and  Ti,  the  threshold 
current  for  an  arc  is,  respectively,  1.6,  1.2,  1.4,  1.0,  1.5,  1.6,  1.5,  and  2.0  A. 

Let  us  now  consider  on  a  qualitative  level  the  reason  for  the  current  cutoff  in  an  ecton.  This  problem  is  directly 
related  to  the  mechanism  for  electron  emission  from  a  metal.  There  is  no  doubt  now  that  this  is  thermal  electron 
emission  enhanced  by  the  Schottky  effect  due  to  the  electric  field  present  at  the  plasma  -  metal  boundary.  In  terms 
of  the  classical  thermal  model,  we  supposed  that  in  a  time  of  ~  10“®  s  the  cathode  temperature  becomes  much 
higher  than  the  boiling  temperature.  If  we  assume  that  the  Richardson  -  Schottky  formula  is  valid  for  this  case, 
we  may  write: 

j  —  AT^  exp 

where  A  -  120.4,  a  =  3.79  •  10“"^,  is  the  work  function  (v?  =  4.4  eV  for  copper),  E  is  the  electric  field  at  the 
emission  surface,  V/cm,  T  is  the  cathode  temperature,  K,  and  j  is  the  electron  current  density,  A/cm^. 

Modeling  the  processes  occurring  in  an  ecton  has  shown  that  the  field  E  is  no  greater  than  10®  V/cm.  This 
suggests  that  the  correction  for  the  Schottky  effect,  aE'^ ,  in  the  exponent  term  is  not  of  principal  importance  in 
determining  the  current  density  j.  According  to  the  estimates,  for  copper  with  the  input  energy  equivalent  to  10^ 
and  7  •  10®  K,  the  current  density  will  be  ~  10®  and  only  5  •  10®  A/cm®,  respectively.  That  is,  when  the  ecton  zone 
is  cooled  by  30  orders  of  magnitude. 

Thus,  the  process  of  current  cutoff  in  an’ ecton  can  be  imagined  as  follows.  Once  an  ecton  has  been  initiated, 
the  current  density  is  about  10®  A/cm®.  Then  there  occurs  fast  heating  in  a  microvolume  of  cathode  metal  and  its 
explosion,  giving  rise  to  efficient  field-assisted  thermal  electron  emission.  As  the  explosion  develops,  the  emission 
zone  expands,  heat  removal  intensifies,  and  more  and  more  heat  is  removed  due  to  the  evaporation  and  ejection 
of  hot  liquid  metal.  This  decreases  the  temperature  in  the  ecton  operation  region  and  the  current  density  of  field- 
assisted  thermal  electron  emission.  The  decrease  in  emission  current  density  in  turn  results  in  that  the  cooling  of 
the  emission  zone  becomes  more  rapid  due  to  less  intense  Joule  heating. 

On  the  basis  of  the  available  results  on  EEE,  we  may  estimate  the  parameters  of  ectons  and  the  aftereffects 
they  cause.  Let  us  do  this  for  a  plane  copper  surface  with  a  current  close  to  the  threshold  current. 


—{eip  —  aE^) 
1^ 


(14) 
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First,  we  find  how  many  electrons  per  cycle  are  emitted  by  an  ecton.  It  is  obvious  that 


N, 


^thr'^e 


(15) 


where  e  is  the  electron  charge  .  That  is  for  z'thr  ~  1  A  and  Tq  ^  10“^  s  we  have  Ne  10^^.  If  we  etssume  that  the 
current  linearly  increases  with  time,  we  may  use  Eq.  (12).  For  the  current  rise  rate  10^®  A/s  and  Tq  =  10”®  s,  we 
obtain  «  10^^.  The  energy  needed  to  initiate  an  ecton,  We,  can  be  estimated  by  the  specific  energy  Wo  needed 
to  remove  from  a  crater  a  portion  of  metal  of  mass  Mi.  Since  Wo  10"^  J/g  and  Mi  10”^^  g,  the  we  have 


i.e.  We  2:^  10”®  J. 


We  =  Ml  Wo, 


(16) 


Recall  that  the  reduced  mass  removed  from  the  ecton  operation  region  is  ~  10“^  g/C.  In  the  process  of  ecton 
operation,  the  current  density  decreases  from  10^  to  about  10®  A/cm^.  When  an  ecton  operates,  metal  drops,  vapor, 
and  plasma  are  ejected.  The  velocity  of  plasma  expansion  is  ^  10^  cm/s,  the  velocity  of  drops  is  >  10"^  cm/s,  and 
the  number  of  drops  is  >  10^  C”^.  In  the  region  of  ecton  operation,  the  plasma  density  is  of  the  order  of  10^  atm 
and  the  plasma  temperature  is  4  to  5  eV. 

4.  ECTON  TYPES 

As  we  mentioned  above,  ectons  may  be  scattered  or  grouped,  depending  on  the  cathode  surface  condition.  For 
a  surface  covered  with  dielectric  films  and  inclusions,  much  lower  plasma  density  and  temperature  are  required  for 
secondary  ectons  to  appear.  So  it  seems  that  the  critical  vacuum  arc  current  is  lower  for  a  contaminated  surface 
that  for  a  clear  one. 


Besides  the  classification  associated  with  the  surface  properties,  there  exists  a  classification  of  ectons  based  on 
the  value  of  the  emitted  current.  If  the  current  is  higher  than  the  threshold  current,  the  ecton  is  referred  to  as  a 
self-sustaining  ecton,  otherwise  it  is  referred  to  as  a  non-self-sustaining  ecton.  All  above  discussed  ectons  were  in 
fact  self-sustaining  ectons  and  we  named  them  ectons  for  simplicity. 

Finally,  ectons  may  be  classified  by  the  type  of  the  electrode  where  they  appear.  All  above  discussion  was 
about  cathode  ectons,  i.e.  cathode  microexplosions  which  eject  an  electron  burst.  However,  there  is  no  doubt  that, 
when  a  microexplosion  occurs  at  an  anode,  the  plasma  produced  will  emit  positive  ions,  i.e.  an  anode  ecton  will 
be  initiated.  It  seems  that  such  an  anode  ecton  should  be  non-self-sustaining,  since  an  ion  current  is  always  much 
lower  than  the  corresponding  electron  current,  all  other  conditions  being  the  same.  In  a  vacuum  discharge,  for 
instance,  the  anode  ecton  is  of  minor  importance.  It  promotes  the  initiation  of  a  cathode  ecton.  The  properties  of 
anode  ectons  are  still  not  well  studied.  This  is  the  matter  of  future. 
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ABSTRACT 

For  production  of  ionized  atom  fluxes  a  method  of  evaporating 
materials  in  vacuum  by  means  of  non-self —maintained  discharge  was 
developed.  The  conditions  of  the  initiation  discharge  were 
examined.  The  necessary  conditions  are  attainment  of  fixed  vapor  or 
gas  pressure  between  the  electrodes  and  presence  of  pre-breakdown 
current.  The  characteristics  of  the  discharge  in  the  voltage  range 
from  30  to  700  V  with  currents  of  1  to  50  A  were  investigated.  The 
discharge  plasma  was  studied  with  the  assistance  of  electrostatic 

probes  •» 

The  considered  discharge  region  occupies  the  transition 
region  from  glow  to  arc.  The  cathode  temperature  is  one  of  the 
fundamental  parameters  which  defines  the  type  of  discharge  and  its 
burning.  The  regulation  of  temperature  and  discharge  power 
influences  on  the  processes  which  proceed  on  the  cathode  and  in  the 
space  between  the  electrodes.  The  operation  in  different  regimes 
results  in  the  ability  to  control  of  ionization  degree  from  2  to 
1007.. 


1 . INTRODUCTION 

In  1967  the  method,  in  which  the  evaporation  of  metals  was 
created  by  means  of  non-self-maintained  discharge  was  proposed  for 
vacuum  deposition  of  thin  films  and  coatings  /l/.Use  of  discharge 
resulted  in  the  ionization  of  evaporated  atoms.  The  ionization  of 
deposited  atoms  and  control  over  the  energy  allowed  to  deposit  of 
the  coatings  with  controllable  microstruc ture  and  physical 
properties  /2-3/.The  method  is  used  in  a  wide  variety  of 
applications.  In  this  paper  the  results  of  investigations  of  the 
main  characteristics  of  discharge  in  metal  vapor  are  given. 

2. EXPERIMENTAL  CONDITIONS. 

The  principle  of  vacuum  deposition  by  means  of 
non— sel f— maintained  discharge  is  shown  schematically  in  Fig.l.  The 
evaporator  consists  of  a  heated  tungsten  ring  cathode,  an 
anode ( material  to  be  evaporated)  and  a  system  of  magnetic  and 
electrostatic  focusing.  The  cathode  was  grounded.  This  evaporator 
is  similar  to  the  construction  of  conventional  electron  beam  gum 
with  a  ring  cathode.lt  differs,  however,  in  one  important  aspect 
that  a  cathode-anode  assembly,  a  power  source  and  a  system  of 
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•focusing  produce  the  initiation  of  the  discharge  in  deposit  vapor. 

The  accelerated  electron  flux  bombards  an  anode.  The  deposit 
material  is  heated  and  evaporated^  As  a  result  of  collisions  with 
the  electrons  the  evaporated  atoms  are  activated  and  ionized.  The 
probe  ion  current  is  appeared  /Fig. 2./.  With  increase  of  the 
heating  power  a  vapor  pressure  between  electrodes  and  a  current  are 
increased.  At  some  values  of  the  evaporation  rate  and  pre-breakdown 
current,  which  depend  on  the  thermophysical  properties  of  deposit 
material  and  on  the  design  parameters,  between  two  electrodes  the 
discharge  in  the  vapor  of  the  deposited  material  Is  initiated.  The 
discharge  initiation  is  characterized  by  the  appearance  of  the 
luminous  plasma.  The  light  of  the  ionized  vapor  spreads  deeply  into 
the  chamber.  The  stabilization  of  the  discharge  with  the  lowering 
characteristics  is  reached  by  the  use  of  a  power  source  with  a 
suitable  performance  and  a  additional  resistance.  Copper,  chromium, 
silver,  titanium  and  nickel  were  evaporated.  The  extractive  plasma 
discharge  was  studied  with  the  assistance  of  electrostatic  probes. 

Initiation  of  the  discharge  in  vacuum  is  produced  by  operating 
the  evaporator  as  an  electron-beam  gun  for  the  attainment  of  fixed 
vapor  pressure,  or  leakage  in  gas  between  the  electrodes.  The  first 
scheme  of  initiation  the  greatest  application  has  found.  The 
dependance  of  the  conditions  of  initiation  discharge  and  its 
burning  were  considered  due  to  the  vacuum, the  evaporated  metals, 
the  cathode/anode  distance  and  the  cathode  temperature. 

3. RESULTS  AND  DISCUSSION. 

The  vacuum  conditions  in  evaporator  may  influence  profoundly 
on  stability  of  the  discharge  in  metal  vapor.  In  a  chamber  under 
the  pressure  more  than  0.1  Pa  is  initiated  the  glow  discharge  in 
residual  gases  simultaneously  with  evaporation  of  metals.  The 
shunting  degree  of  main  discharge  by  glow  depends  on  the  pumfping 
speed,  the  rate  of  desorption  of  the  evaporator  components  and 
degassing  of  the  evaporant.  With  the  decrease  of  pressure  less  0,01 
Pa  the  glow  discharge  disappears,  a  burning  of  discharge  in  metal 
vapor  is  stabilized.  A  starting  pressure  of  residual  gases  in  a 
chamber  must  not  be  more  than  0.005  Pa. 

According  to  the  obtained  results,  the  necessary  conditions 
for  initiation  of  the  discharge  are  attainment  of  fixed  vapor 
pressure  between  the  electrodes  and  ionization  of  evaporated  atoms. 
The  necessary  power  for  initiation  is  decreased  with  decreasing 
heat  of  metal  vaporization  and  the  distance  cathode/andde. 

The  characteristics  of  the  discharge  were  considered  in  the 
voltage  range  from  30  to  700  V  with  currents  of  1  to  50  A,  Change 
of  the  regime  is  achieved  by  control  of  the  discharge  power  and  the 
use  of  the  power  source  with  suitable  performance.  The  fundamental 
dependences  were  obtained  under  examination  of  the  high  voltage 
region  discharge  (voltage  from  100  to  700  V  with  currents  up  to  10 
A). 
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The  etudy  of  «n  electrical  diacharge  through  ga®  at  low 
preeeures  shows  that  its  character  is  determinated  mainly  by 
processes  at  the  cathode  /4/ •  At  the  non~self “maintained  discharge 
these  processes  depend  on  the  cathode  temperature.  The  two  regions 
of  the  cathode  work  were  considered »  in  field  of  negative  space 
charge  (the  cathode  temperature  more  2100  C  )  and  limitation  of  the 
thermoelectronic  emission  (the  cathode  temperature  1800-1900  C). 

In  first  instance  the  discharge  current  is  provided  by 
thermoelectron  emission  completely.  The  power  does  not  change  at 
the  discharge  burning  practically.  At  ground  potential  the  probe 
current  is  negative  as  a  result  of  very  high  electron  mobility.  The 
fluctuation  appearance  is  possible. The  fluctuations  disappear^  the 
luminencence  intensity  strengthens,  the  probe  current  is  made 
positive  at  increasing  of  discharge  power. 

In  the  second  the  discharge  current  is  considerably  greater 
than  the  thermoelectronic  emission  current. The  additional  electron 
emission  is  attained  due  to  secondary  electron  emission.  The  power 
increases  at  the  transition  in  the  discharge.  The  discharge  plasma 
characterizes  by  the  intensive  luminescence.  The  probe  current  is 
positive.  The  less  the  cathode  temperature  the  higher  the  discharge 
voltage. 

4.  CONCLUSION. 

Change  of  the  cathode  temperature  provides  the  different 
0l®cCron  emission  mechanisms  and  influences  on  the  parameters  • of 
the  discharge.  By  regulation  of  the  cathode  heating  and  the 
discharge  power  may  to  Influence  on  the  processes, which  take  place 
at  the  cathode  and  in  the  space  between  electrodes,  and,  therefore, 
to  change  the  ionization  of  evaporated  atoms. 

The  glow  discharge  transitions  to  arc  with  increasing  of  the 
discharge  current  at  work  in  region  of  low  voltage, less  than  100 
V(Fig.3.).  The  thermal  ionization  occurs  simultaneously  with 
ionization  by  collisions  the  energetic  electrons  with  the  vapor 
atoms.  The  ionization  degree  of  evaporated  atom®  increases  and  may 
to  approach  i005i.As  a  result  of  this  investigation, the 
recommendations  of  discharge  use  in  the  processes  of  vacuum 
depositicm  and  surface  modification  were  developed. 
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Figure  1.  Schematic  diagram  of  vacuum  depoi;^ 
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Influence  of  Electrode  Area  on  Conditioning  in  Vacuum  Gap  Breakdown 
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ABSTRACT 

Using  three  kinds  of  copper  electrodes  with  different  surface  areas,  experiments  were  performed  to  investigate  the 
influence  of  electrode  area  on  conditioning  effect,  which  is  a  characteristic  of  dielectric  breakdowns  in  vacuum  gaps.  The 
conditioning  process  varied  with  electrode  area:  the  smaller  the  electrode  area,  the  sooner  conditioning  ended.  Breakdown 
voltages  after  completion  of  conditioning  also  depended  on  electrode  area:  the  smaller  the  electrode  area,  the  higher  the 
breakdown  voltage. 


1.  INTRODUCTION 

In  research  and  development  on  vacuum  interrupters  for  vacuum  circuit  breakers  with  a  high  vacuum  as  an  insulating  and 
arc  extinguishing  medium,  studies  on  the  materials  and  the  surface  conditions  of  electrodes  are  important,  because 
dielectric  breakdown  characteristics  in  a  vacuum  depend  greatly  on  electrode  surface  conditions  such  as  roughness, 
depositions  and  oxides.  A  phenomenon  known  of  the  effects  of  such  factors  is  the  “conditioning  effect,”  which  means 
that  repeated  dielectric  breakdowns  cause  breakdown  voltages  to  be  improved.  Treatments  with  the  conditioning  are 
generally  employed  in  vacuum  apparatus  to  which  high  voltages  are  applied.  From  past  investigations,  it  is  considered  that 
a  conditioning  effect  is  achieved  by  removing  adsorbed  gas  and  deposits,  forming  a  melted  layer  and  smoothing 
microprotrusions  due  to  the  surface  melting  in  dielectric  breakdowns."*  It  is  also  known  that  the  dielectric  breakdown 
characteristics  of  vacuum  gaps  vary  with  electrode  surface  area.^  A  new  investigation  was  carried  out  of  variations  in 
conditioning  processes  with  electrode  surface  area. 

2.  TEST  METHOD 

Conditioning  processes  in  which  breakdown  voltages  were  gradually  raised  by  repeated  dielectric  breakdowns  were 
compared  for  three  electrode  shapes:  a)  hemisphere  -  hemisphere  (20mm  in  diameter),  b)  plane  -  plane  (34mm  in  diameter) 
and  c)  plane  -  plane  (79mm  in  diameter).  The  electrode  material  was  oxygen-free  copper  (Cu:  99.99%  or  up,  O2:  10  ppm 
or  less).  The  gap  length  was  1.5mm.  For  thermal  treatment,  the  chamber  and  electrodes  were  baked  beforehand  at  around 
150X.  To  measure  breakdown  voltage  and  pre-breakdown  current  1^,  the  measuring  circuit  shown  in  Fig.  1  was  used. 
One  of  the  measured  waveforms  of  the  pre-breakdown  current  is  shown  in  Fig.  2.  The  applied  voltage  waveform  was  of  a 
50Hz  AC  voltage  with  the  polarity  of  the  first  wave  phase-adjusted,  and  the  application  time  was  50ms.  The  breakdown 
voltage  measured  was  that  at  the  first  wave  of  the  applied  voltage.  The  relation  between  breakdown  voltage/pre-breakdown 
current  and  the  number  of  voltage  applications  was  obtained. 

3.  CONDITIONING  EFFECT 

The  conditioning  effect  is  the  phenomenon  of  the  breakdown  voltage  being  raised  by  repeated  dielectric  breakdowns, 
which  can  be  attributed  to  the  following  three  factors:  First,  as  the  electrode  surface  is  melted  by  dielectric  breakdowns, 
adsorbed  gas  and  deposits  evaporate,  cleaning  the  electrode  surface.  Second,  as  the  electrode  surface  is  melted  by 
dielectric  breakdowns,  microprotrusions  on  it  are  flattened,  causing  the  electric  field  emission  from  the  cathode  surface  to 
be  reduced.  Third,  as  the  electrode  surface  is  melted,  it  is  cooled  rapidly,  causing  a  fine  structure  layer  to  be  formed. 

The  conditioning  process,  as  an  index  of  the  rate  of  breakdown  voltage  rises,  is  usually  represented  by  the  relation  between 
breakdown  voltage  and  number  of  voltage  applications  N.  It  is  empirically  known  that  this  relation  is  as  shown  in  Fig. 
3.  Vjj  rises  exponentially  with  N  from  the  initial  value  Vj  to  the  limit  value  V^.  We  then  tried  to  formulate  this  Vj^-N 
relation  in  the  conditioning  process  as 
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Ci.C? :  capacitance  dividers  Upper  trace  :  Applied  voltage  35.9kV/div 

C3  :  capacitor  capacitance  Lower  trace  :  Prebreakdown  current  585//A/div 


Fig.  1  Test  circuit  Fig.  2  Waveforms  of  applied  voltage  and 

prebreakdown  current 

=  Vi  +  V  J1  -  exp  {-  (N-  l)/a}]  (1) 

V,  =  Vl-V,  (2) 


where  represents  the  breakdown  voltage  at  Nth  voltage  application  in  conditioning  and  a  is  a  conditioning  coefficient 
as  an  index  of  the  rate  of  breakdown  voltage  rises  for  number  of  voltage  applications.  The  smaller  the  value  of  a,  the 
sooner  the  conditioning  process  ends. 


Number  of  voltage  application  N  application  N 


.  Fig.  4  Relation  between  breakdown  voltage  Vp  and 

Fig.  3  Relation  between  breakdown  voltage  Vp  number  of  voltage  application  N 

and  number  of  voltage  application  N 


4.  EXPERIMENTAL  RESULTS 

4.1  Variations  in  conditioning  process 

Fig.  4  shows  the  Vf,-N  relations  for  the  three  kinds  of  electrodes  with  different  shapes.  The  larger  the  electrode,  the 
smaller  the  value  of  conditioning  coefficient  ot,  involving  faster  conditioning.  Fig.  5  shows  micro-graphs  of  electrode 
surfaces.  In  terms  of  electric  field  strength,  the  locations  of  dielectric  breakdowns  concentrated  on  the  zone  with  electric 
field  strength  90%  or  higher  of  the  maximum.  The  area  of  this  zone  was  defined  as  the  effective  area  (the  area  of  the 
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Fig.  5  SEM  photograph  of  electrode  surface 
after  conditioning 


Fig.  6  Relation  between  breakdown  voltage  Vi  ,Vl 
and  effective  area  Serf 


zone  related  to  the  generation  of  dielectric  breakdowns).  The  smaller  the  effective  area,  the  smaller  the  value  of  a, 
requiring  a  smaller  value  of  N  for  the  breakdown  voltage  to  reach  its  limit:  Fig.  6  shows  the  relation  between  initial  value 
Vj  and  limit  value  V^  of  breakdown  voltage  and  effective  area  S^fj.  As  increases,  both  Vj  and  V^  decreases.  Thus,  the 
conditioning  process  varies  greatly  with  the  effective  area  of  the  electrode. 


4.2  Variations  of  pre-breakdown  current 


The  currents  measured  in  the  conditioning  process  include  micro-discharge  currents  due  to  desoiption  and  ionization  of 
adsorbed  gas  and  field  emission  currents  (Fig.  2),  which  meet  the  Fowler-Nordheim  equation.^-^  The  measured  field 
emission  currents  were  adjusted  using  the  Fowler-Nordheim  equation  to  obtain  field  intensification  factor  p,  which  can  be 
derived  from  the  equation.  Fig.  7  shows  the  relation  between  field  intensification  factor  p  and  voltage  with  which 
the  field  emission  current  reaches  1mA  in  the  conditioning  process.  Field  intensification  factor  p  decreases  with  number  of 
voltage  applications  N,  saturating  at  limit  value  p^.  In  contrast,Vj^^  increases  with  N,  reaching  saturation.  This  shows 
that  microprotrusions  on  the  electrode  surface  are  flattened  by  conditioning  with  the  repetition  of  dielectric  breakdowns, 
causing  field  emission  currents  to  be  obstructed.  Fig.  8  shows  the  relation  between  limit  value  P^  of  field  intensification 
factor  and  effective  area  8^^^.  As  reported  previously,  field  intensification  factor  P^  after  conditioning  increases  and 
decreases  with 


20  40  60 

Number  of  voltage  application  N 


Fig.  7 


Relation  between  Vi.„a  (voltage  causing  field 
emission  current  of  1mA),  ^  and  number  of 
voltage  application  N 


Fig.  8  Relation  between  field  intensification 
factor  0L  and  effective  area  Seff 


5.  DISCUSSION 

As  described  above,  the  conditioning  process  depends  greatly  on  the  electrode  area:  the  smaller  the  electrode  surface  area. 
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the  faster  the  conditioning  process  is  completed.  As  the  breakdown  voltage  rises,  the  field  intensification  factor  decreases 
in  the  conditioning  process.  This  shows  that  microprotrusions  on  the  electrode  surface  responsible  for  dielectric 
breakdowns  are  gradually  smoothed  by  conditioning.  Breakdown  voltage  rises  in  the  conditioning  process,  however,  can 
be  ascribed  not  only  to  the  field  emissions  from  microprotrusions  but  also  to  the  removal  of  adsorbed  gas  and  deposits."^ 
Dielectric  breakdowns  are  generated  in  weaker  zones  with  microprotrusions,  adsorbed  gas  and  deposits.  Probably,  as 
dielectric  breakdowns  are  repeated,  their  locations  shift  to  weaker  and  weaker  zones,  causing  the  breakdown  voltage  to 
rise.  This  suggests  that  when  the  locations  of  dielectric  breakdowns  have  spread  over  the  effective  area,  conditioning  is 
completed  and  the  breakdown  voltage  reaches  saturation. 


The  breakdown  voltage  after  conditioning  depends  on 
the  electrode  surface  area.  As  shown  in  Fig.  5,  the 
electrode  surfaces  after  conditioning  are  covered  with 
damage  due  to  dielectric  breakdowns.  Critical  field 
strength  for  microprotrusions  in  the  zone  damaged 
by  the  generation  of  dielectric  breakdowns  is  given  by 
^  shows  the  relation  between  critical 
field  strength  and  effective  area  E^  is  constant 
irrespective  of  This  shows  that  dielectric 

breakdowns  after  conditioning  are  determined  by  field 
emissions  from  the  damaged  zones.  The  value  of 
critical  field  strength  E^,  agrees  with  the  one  in  our 
previous  report  and  the  one  in  the  report  produced  by 
Tsuruta  et  al.^*^  This  proves  that  the  dependence  of 
dielectric  breakdowns  after  conditioning  on  the 
electrode  surface  area  is  due  to  the  dependence  on  the 
electrode  surface  area  of  field  intensification  factor 
as  an  index  of  field  emissions  from  damaged  zones. 


Relation  between  critical  field  strength  Ec 
and  effective  area  Scff 


Fig.  9 


6.  CONCLUSION 


Experiments  were  carried  out  to  investigate  the  effect  of  electrode  surface  area  on  the  conditioning  process  of  a  vacuum 
gap.  It  was  found  that  the  conditioning  process  varied  with  electrode  surface  area;  the  smaller  the  electrode  surface  area: 
the  faster  the  conditioning  process  ended.  The  locations  of  repetitive  dielectric  breakdowns  probably  shifted  successively 
to  weaker  zones  with  adsorbed  gas,  deposits  and  microprotrusions,  causing  the  breakdown  voltage  to  rise.  The  breakdown 
voltages  after  conditioning  also  depended  on  electrode  surface  area;  the  smaller  the  electrode  surface  area,  the  higher  the 
breakdown  voltage. 
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ABSTRACT 

Results  are  presented  of  studies  of  pulsed  electric  strength  and  threshold  current  densities  for  niobium  cathodes  in 
the  superconducting  and  normal  states.  The  process  of  heating  arid  failure  of  cathode  microemitters  under  the  action 
of  high  density  field  emission  current  is  analyzed.  Data  of  the  work  function,  limiting  current  densities  and  tensile 
strength  of  YBa2Cu307^a:  cathode  tips,  effect  of  emission  current  on  the  superconducting  properties  of  YBa2Cu307_a: 
thin  films  and  peculiarities  of  prebreakdown  phenomena  in  vacuum  gap  with  YBa2Cu307_a7  electrodes  are  given. 

1.  INTRODUCTION 

Fundamental  studies  have  shown  that  microexplosions  on  the  cathode  surface  are  one  of  the  main  reason  in  the 
initiation  of  a  vacuum  discharge.^ One  of  the  causes  of  such  microexplosions  is  heating  of  cathode  microtips  by  field 
emission  current  due  to  Joule  and  Nottingham  effects.  The  absence  of  resistive  heating  of  the  superconducting  emitter 
and  the  finiteness  of  the  time  required  for  the  superconducting-normal  (S-N)  state  phase  transition  give  one  hope  to 
expect  that  an  increase  in  the  delay  time  to  explosion  of  microemitters  and,  respectively,  increase  of  pulsed  electric 
strength  of  the  vacuum  gap. 

Progress  achieved  in  quench  and  melt-growth  processing  technologies,  for  the  fabrication  of  bulk  high-temperature 
superconductors  (HTSC)  opens  opportunities  for  their  application  in  a  wide  range  of  dc,  ac  and  pulsed  devices.  With 
this  view,  there  appears  a  necessity  for  information  on  the  behaviour  of  HTSC  surface  in  strong  electric  fields:  work 
function  and  limijting  current  densities  of  HTSC  microemitters,  prebreakdown  phenomena  in  vacuum  gap  with  HTSC 
electrodes.  All  this  has  stimulated  our  research  of  electric  discharge  in  vacuum  diodes  with  electrodes  made  of  low  and 
high  temperature  superconductors. 


2.  EXPERIMENTAL 

The  studies  were  conducted  with  the  use  of  three  specially  designed  setups: 

a)  A  Field  Electron  Spectrometer/Field  Ion  Microscope/Field  Emission  Microscope  Combination 
(FIM/FEM/FES  setup)  made  it  possible  to  investigate  the  emission  characteristics  and  the  electronic  properties  of 
microemitters  in  direct  correlation  with  their  real  atomic  structure  visualized  in  FIM.^ 

b)  A  Metal- Glass  UHV  Cryostat  with  precisely  displaceable  anode  probe  allowed  us  to  study  emission  proper¬ 
ties,  prebreakdown  characteristics  of  local  areas  of  electrodes  and  the  effect  of  field  emission  on  the  superconducting 
properties  of  the  cathode."^ 

c)  An  UHV  Cryostat  Impedance- Matched  with  Pulsed  Transmission  Line  was  used  to  investigate  of 
electric  discharge  with  a  nanosecond  resolution.^ 

Also  used  were:  transmission  electron  microscope  (TEM),  scanning  electron  microscope  (SEM)  and  scanning  tun¬ 
neling  microscope  (STM). 

3.  DISCHARGE  IN  VACUUM  GAP  WITH  LOW  TEMPERATURE  SUPERCONDUCTING 

ELECTRODES 

3,1.  Effect  of  superconducting  state  of  a  cathode  on  the  breakdown  delay  time 

Extended  electrodes  were  made  of  Nb  (S-N  transition  temperature  Tc=9.2  K),  Ta  (Tc=4.4  K)  and  Pb  (Tc=7.2 
K).  Investigations  have  shown  that  the  maximum  pulsed  electric  strength  is  possessed  by  electrodes:  i)  made  of 
spectroscopically- clean  metals,  ii)  the  surface  of  which  were  subjected  to  special  treatment  (electrochemical  polishing, 
washing  and  condishioning  by  pulsed  discharges  in  UHV). 

Figure  1  shows  dependences:  vacuum  breakdown  delay  time  vs  macroscopic  field  for  various  Nb  cathode  tem¬ 
peratures.  The  cooling  of  the  cathode  from  300  to  4.2  K  leads  to  the  increase  in  td  and  pulsed  electric  strength  of 
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vacuum  gap.  The  transition  of  Nb  cathode  to  the  superconducting  state  has  no  effect  in  the  t^.  Similar  results  were 
obtained  for  Ta  and  Pb  cathodes. 

3.2.  Threshold  current  densities  of  Nb  microemitters  at  cryogenic  temperatures 

Measurements  of  breakdown  delay  time  give  an  integral  picture  of  vacuum  discharge.  With  this  in  view,  we  carried 
out  a  study  of  the  threshold  current  densities  in  the, superconducting  and  normal  states  of  cathode  microprotrusions 
(CMs)  formed  after  vacuum  discharge  on  Nb  cathode  of  limited  area  (10“^cm^)  and  of  Nb  cathode  tips  (CTs)  prepared 
by  electropochemical  polishing  and  smoothed  by  high  temperature  annealing  (their  radius  at  the  apex  r,  cone  angle 

and  surface  state  were  monitored  by  TEM  and  FEM).  .  ,  j  i  j 

The  experiments  were  conducted  in  the  steady-state  and  pulsed  modes.  Figure  2  shows  typical  direct  and  pulsed 
current-voltage  characterisctics  (CVCs)  of  CM  and  CT.  In  the  pulsed  sector  there  is  distinctly  visible  the  effect  of 
space  charge  of  emitted  electrons  both  in  the  case  of  CT  and  CM.  FIM  and  FES  investigations  have  shown  the  identify 
of  field  ion  images  and  electronic  spectra  of  Nb  CMs  and  CTs.  It  allows  one  to  draw  the  conclusion  that  CMs  and 
CTs  have  identical  atomic  structure  and  electronic  properties. 


Figures  3  and  4  show  series  of  oscillograms  of  the  prebreakdown  currents  of  CMs  and  CTs  for  various  initial 
temperatures.  We  discovered  in  the  waveforms  of  the  prebreakdown  current  close  to  the  threshold  current  b  a  rising 
section.  Its  length  and  rate  of  current  rise  significantly  depended  on  the  initial  cathode  temperature.  The  CVCs,  TEM 
and  FEM  images  of  emitters  taken  before  and  after  pulsed  current  extraction  indicate  that  there  are  no  changes  in  the 
shape  and  state  of  emitting  surface.  The  dominant  effect  of  initial  cathode  temperature  and  absence  of  any  residual 
effect  suggest  that  observed  rising  section  is  due  to  the  heating  of  the  emitter  apex  by  the  self  emission  current. 
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Figure  5.  Figure  6. 


In  Figures  5  and  6  are  presented  dependences:  delay  time  to  explosion  of  CMs  and  CTs  t^  vs  threshold  current 
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density  jt=It/7r*r^  for  various  initial  temperatures.  The  analysis  of  experimental  results  allows  one  to  draw  the  following 
conclusions:  (1)  The  cooling  of  the  cathode  from  300  to  4.2  K  results  in  a  monotonic  increase  in  jt.  (2)  The  transition 
of  Nb  cathode  to  the  superconducting  state  has  no  effect  in  in  the  range  of  t^^lO  ®-10  ^  s.  (3)  Thermal  processes 
are  identical  in  CMs  and  CTs. 

The  current  from  a  superconducting  emitter  is  limited  by  three  factors:  the  existance  of  a  critical  magnetic  field 
wich  destroys  superconducting  properties  of  the  emitter,  the  existance  of  the  energy  of  decomposition  of  Coopier 
pairs  and  Nottingham  effect.  Since  the  magnitude  of  of  Nb  cathode  in  the  range  of  t^— 10  ^-10  s  exceeds  the 
critical  current  densities  of  superconductor  determined  by  a  critical  magnetic  field  (2-10®  A/cm^)  and  by  the  energy 
of  decomposition  of  Cooper  pairs  (10®  A/cm^),  one  can  draw  the  conclusion  that  the  S-N  transition  of  the  Nb  cathode 
is  a  result  of  action  of  all  three  limiting  factors.  In  the  range  of  td=10"^-10“®  s  the  S-N  transition  of  a  cathode  is  a 
result  of  Nottingham  heating. 

A  monotonic  increase  of  with  colling  of  Nb  cathode  from  300  to  4.2  K  cannot  be  explained  in  terms  of  the  model 
suggested  by  Prof.  Fursey's  group®  (expanding  of  the  region  where  Nottingham  effect  takes  place  with  cooling  of  a 
cathode),  because  their  model  predicts  that  the  most  important  temperature  range  is  4.2  to  20  K. 

3.3.  Dynamics  of  heating  and  failure  of  Nb  microemitters 

For  the  understanding  of  dynamics  of  heating  of  emitter  from  cryogenic  temperatures  and  for  the  evaluation  of  the 
roles  Joule’s  and  Nottingham’s  effects  in  various  temperature  ranges  we  numerically  solved  the  problem  of  heating  of 
emitter  with  account  taken  of  the  nonuniformity  of  electric  field  distribution  over  the  apex,  the  effect  of  space  charge 
of  emitted  electrons  and  the  temperature  dependences  of  thermophysical  parameters.^’®  The  Nottingham  effect  was 
involved  as  a  surface  energy  source. 

Figure  7  shows  calculated  dependences:  delay  time  to  explosion  of  Nb  CMs  vs  threshold  current  densities  for 
various  initial  cathode  temperatures.  These  dependences  are  in  good  agreement  with  experiment  (Fig. 5).  Calculations 
have  shown:  (1)  The  main  contribution  to  the  tip  heating  from  4.2  to  300  K  is  due  to  the  Nottingham  effect;  with  T>300 
K  it  is  the  Joule’s  effect  that  predominates.  (2)  The  cooling  of  the  cathode  to  cryogenic  temperatures  strengthens 
the  heat  removal 'and  this  is  just  the  the  reason  for  the  observed  monotonic  increase  in  the  breakdown  delay  time  and 
threshold  current  density  (Figs.l,  5  and  6).  (3)  The  magnitude  of  jt  of  CM  shows  strong  dependence  on  its  height 
at  cryogenic  temperatures,  therefore,  one  can  expect  a  considerable  increase  of  electric  strength  of  vacuum  gap  after 
cooling  of  perfectly  smoothed  cathode. 


THRESHOLD  CURR.  DENS.,  j^(MA/cm2)  YBaCuO  Cathode  Tips  l/U  (lOOOO/V) 

Figure  7,  Figure  8.  Figure  9. 

The  spontaneous  rise  of  prebreakdown  currents  (Figs. 3  and  4)  is  due  to  the  propagation  of  the  heat  wave  to  the 
periphery  of  the  tip  apex  and  thermal  field  emission  from  an  area  where  there  is  no  space  charge  influence.  The  cooling 
of  the  cathode  leads  to  the  increase  of  thermal  conductivity  and,  correspondingly,  to  the  faster  setting  of  a  steady- 
state  temperature  in  the  peripheral  area  of  the  tip  apex.  The  shorter  length  of  rising  section  in  the  case  of  CM  is  due 
to  the  effect  of  the  massive  cathode.  Calculated  lengths  of  rising  section  are  in  good  agreement  with  experimental 
results  for  various  cathode  temperatures. 

Calculations  have  shown  that  a  steady-state  temperature  in  the  emitter  sets  in  during  a  time  interval  not  exceed¬ 
ing  100  ns,  i.e.  with  t>100  ns  there  is  no  avalanche  type  interdependent  growth  of  apex  temperature  and  emission 
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current.  This  conclusion  is  confirmed  by  the  cardinal  difference  in  the  dynamics  of  prebreakdown  current  in  various 
trf  ranges  (Figs. 3  and  4).  Thus,  delay  times  td>100'ns  cannot  be  explained  within  the  framework  of  the  traditional 
thermal  model.  Analysis  of  TEM  images  of  CTs,  dynamics  of  prebreakdown  current,  dependences  t^^  vs  together 
with  calculations  of  thermal  processes  in  the  emitter  and  data  on  the  tensile  strength  for  Nb  at  various  temperatures 
has  revealed  the  important  role  of  mechanical  loading  in  the  failure  of  the  microemitter  in  the  td>100  ns.® 

4.  DISCHARGE  IN  VACUUM  GAP  WITH  HIGH  TEMPERATURE  SUPERCONDUCTING 

ELECTRODES 

4.1.  Properties  of  HTSC  surfaces  in  strong  electric  fields 

For  gaining  the  information  on  the  behaviour  of  HTSC  surfaces  in  strong  electric  fields  in  UHV  we  conducted  a 
series  of  FIM/FEM/FES  investigations  of  YBa2Cu307-a;  single  crystal  (Tc=92  K)  CTs  prepared  by  electrochemical 
polishing. 

Figure  8  shows  YBa2Cu307-a7  FIM  images  and  corresponding  FEM  images.  In  Figure  9  are  presented  CVCs  of 
various  oriented  YBa2Cu307-ar  CT  surfaces  cleaned  by  field  evaporation  in  UHV  and  values  of  work  function  <j). 

FES  of  atom-clean  surfaces  of  YBa2Cu307_x  CTs  has  demonstrated  a  metallic-like  behaviour  of  electronic  spectra 
at  different  temperatures.^’®’^®  At  the  same  time,  the  transformation  of  YBa2Cu307_a:  from  a  superconductor  into  a 
semiconductor  and  dielectric  with  a  decrease  oxygen  content  leads  to  the  emergence  of  a  number  of  special  features  in 
the  behaviour  of  YBa2Cu307^a;  in  UHV.  Figure  10(2)  shows  the  electronic  spectrum  of  an  atom-smooth  YBa2Cu307-ar 
CT  surface  after  holding  of  CT  in  UHV  (T=:300  K)  for  15  hours.  The  absence  of  a  signal  in  the  vicinity  of  the  Fermi 
level  is  due  to  the  escape  of  oxygen  from  the  CT  subsurface  layer.  The  field  evaporation  of  10  atom  layers  of  the 
material  leads  to  the  restoration  of  initial  YBa2Cu307_a7  properties  (Fig. 10(1)).  At  75  and  115  K  we  did  not  observe 
any  transformation  of  YBa2Cu307_a;  similar  to  that  shown  in  Fig.lO. 

4.2.  Limiting  current  densities  of  YBa2Cu3 071.3:  microemitters 

Investigations  of  limiting  current  densities  of  YBa2Cu307-a:  CTs  at  115  and  75  K  in  the  steady-state  mode  have 
shown  that  the  extraction  of  high- density  field  emission  current  (j=(3-10)10'^  A/cm^,  t=:3  s)  does  not  change  FIM  and 
FEM  images  of  CTs,  but  leads  to  changes  in  the  electronic  spectra  (Fig.  11).  The  analysis  of  results  shows  that  this 
eflfect  is  due  to  Nottingham  heating  of  the  tip  apex,  escape  of  oxygen  under  UHV  condition  and,  correspondingly,  the 
transformation  tip  apex  properties  into  semiconductor  ones.^^’^^ 


Figure  10.  Figure  11.  Figure  12, 

Investigations  of  threshold  current  densities  of  YBa2Cu307_3:  CTs  have  shown  that  over  a  trf=:(l-2)10“®  s  range 
the  superconducting  state  of  CT  does  not  affect  the  magnitude  of  ji=(0.7-2,2)10®  A/cm^.  The  analysis  of  thermal 
processes  shows  that  low  (more  than  10  times  less)  YBa2Cu307_3:  j^,  as  compare  with  Nb  (Figs. 5  and  6),  is  due 
to  essentially  different  thermophysical  properties  of  HTSC  (high  resistivity,  low  thermal  conductivity  and  thermal 
capacity).®’^^ 

Measurements  of  tensile  strength  a  of  YBa2Cu307~a:  microemitters  by  loading  CTs  with  electric  field  ponderomo- 
tive  forces  in  the  FIM^^  have  yielded  the  following  results:  o'=3.5  GPa  (almost  3  times  less  than  for  Nb). 
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4.3.  Electric  discharge  in  vacuum  diodes  with  electrodes  made  of  HTSC 

Investigations  of  YBa2Cu307_aj  single  crystals  removed  from  the  melting  crucible  into  an  UHV  cryostat  without 
any  processing  have  revealed  that  the  macroscopic  breakdown  field  is  (1.5-2)10®  V/cm  at  300  K,  this  value  not  changes 
with  the  cooling  of  the  cathode  and  its  transition  to  the  superconducting  state, 

Figure  12  shows  CVCs  of  local  areas  of  YBa2Cu307-ar  cathode.  The  analysis  of  CVCs  on  the  assumption  work 
function  6  eV  yields  enhancement  factor  for  cathode  microtips  ^^=150-200.  SEM  images  of  cathode  surface  did 
not  show  microtips  which  could  ensure  such  values  of  p.  FES  of  cathode  microtips  shown  typical  semiconductor 
electronic  spectra  (Fig.  13).  This  make  it  possible  to  draw  the  conclusion  that  nonmetallic  inclusions  on  the  surface  of 
YBa2Cu307.^ar  cathodes  are  centers  initiating  vacuum  breakdown  as  in  the  case  of  extended  metalllic  cathodes  befoi^e 
special  treatment  of  their  surfaces.^ 


Figure  13.  Figure  14.  Figure  15. 

X-ray  microanalysis  (JEOL  JCXA-733  Superprobe)  has  shown  that  remeltihg  of  microscopic  areas  on  the 
YBa2Cu307_a:  cathode  resulting  from  the  vacuum  discharge  (Fig.  14)  leads  to  the  escape  of  oxygen  and,  therefore, 
transforms  the  initial  material  into  a  semiconductor  or  dielectric. 

In  Figure  15  are  shown  dependences  breakdown  delay  time  vs  macroscopic  field  for  YBa2Cu307_a;  cathode,  the 
surface  of  which  was  conditioned  by  pulsed  vacuum  discharges.  The  growth  of  electrical  strength  with  the  cooling  of 
cathode  is,  evidently,  due  to  changes  in  the  properties  of  the  dielectric  layer,  coating  the  cathode. 

The  velocity  of  the  cathode  plasma  expansion  in  the  vacuum  gap  with  YBa2Cu307_ar  electrodes  was  v=(1.6-2)10® 
cm/s,  i.e.,  did  not  differ  from  the  v  values  typical  for  most  of  the  metals  studied  till  now.^ 

The  mass  loss  of  YBa2Cu307_x  cathode  material  by  explosive  electron  emission  process  was  m  =  (1.4-3.2)10'"'^ 
g(A^s)"^/^.  The  high  value  of  m  (almost  two  orders  of  magnitude  greater  than  for  Nb)  is  due  to  the  high  electrical 
resisitance,  low  thermal  conductivity  and  mechanical  strength  of  YBa2Cu307_x*®’^^ 

4.4.  S-N  swithching  of  YBa2Cu307_a;  thin  film  under  the  action  of  field  emission  current 

The  investigations  of  the  superconducting  properties  of  YBa2Cu307_a7  thin  films  in  strong  electric  fields  have  shown 
that  the  extraction  of  field  emission  current  3-4  orders  of  magnitude  lower  than  the  critical  transport  current  leads  to 
S-N  switching  of  the  films.^'^^  The  analysis  of  experimental  results  allows  us  to  draw  the  conclusion  that  there  exist  a 
thermal  mechanism. of  S-N  transition  caused  by  field  emission:  with  high  emission  current  densities  the  microemitter 
on  the  YBa2Cu307-a:  film  surface  becomes  a  point  thermal  source  leading  to  the  formation  of  a  normal  phase  in  the 
HTSC  film.^ 

5.  SUMMARY 

Thus,  studies  have  shown  that  Nottingham  effect  plays  a  fundamental  part  in  the  failure  of  electric  insulation  in 
vacuum  diodes  with  superconducting  electrodes  and  for  breakdown  delay  time  more  than  100  ns  this  is  just  the  reason 
for  S-N  transition  of  cathode  microtips.  The  colling  of  Nb  cathode  from  300  to  4.2  K  strengthens  the  heat  removal  and 
leads  to  a  monotonic  increase  in  threshold  current  densities  and  pulsed  electric  strength  of  vacuum  gap.  The  relatively 
low  threshold  current  densities  of  YBa2Cu307-x  catfiodes  are  due  to  the  high  resistivity  and  low  thermal  conductivity 
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of  these  materials.  The  complex  chemical  composition  of  oxide  superconductors  and  their  relatively  weak  atomic  bond 
result  in  essential  difficulties  in  the  preparation  of  HTSC  clean  surfaces  in  UHV  by  traditional  methodes. 
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Nina  V.  Tatarinova 

Moscow  Physical  Engineering  Institute 
Kashirskoe  shosse  -  31,  115409,  Russia 


ABSTRACT 

The  cause  of  pre-breakdown  currents  appearing  between  metal  electrodes  copper  soldered  with 
ceramics  after  bakeout  in  vacuum  up  to  200...440"C  was  established.  Quest  for  it  was  conducted  from  the 
viewpoint  of  a  hypothesis  suggested  by  author  earlier  on  vacuum  insulation  violation.  "Tripple  point"  -  metal- 
insulator  contact  in  vacuum  -  is  referred  to  as  a  pore  in  the  gas  medium  of  which  ionisation  process  resulting 
in  various  kinds  of  vacuum  insolation  violation  develop.  Experimental  results  confirm  the  hypothesis  suggest¬ 
ed. 


1.  INTRODUCTION 

The  process  giving  rise  to  prebreakdown  currents,  microdischarges  and  arc  (  vacuum  breakdown  ) 
were  shown  [  1-4  ]  to  take  place  in  high  voltage  electrode  pores  electrical  field  strength  exeeding  0.1  MV/m 
being  insufficient  for  FEE  to  appear.  External  field  sagging  into  pore  volume  gas  results  from  resonance  des¬ 
orption  as  well  as  charged  particles.  Voltage  increasing  ionisation  process  lead  to  swift  current  build-up  and 
appearence  of  plasma  formations.  Previously  influence  of  electrode  gas  saturation  and  pore  size  on  insulation 
characteristics  of  vacuum  was  demonstrated  [  1-4  ].  Poresize  and  configuration  define  not  only  electrical  field 
sagging  but  pore  volume  gas  pressure  as  well.  These  relations  resemble  Paschen  curve  for  gas.  But  the  mecha¬ 
nism  sustaining  discharge  in  the  pores  of  high  voltage  electrodes  in  vacuum  differs  from  that  from  classical  gas 
discharge,  the  limitation  on  paper  dimension  preventing  from  a  comparison  of  both  in  detail  here. 

Anode  playing  a  special  role,  the  electrons  from  the  cathode  getting  into  its  pores  of  the  optimum  size 
may  result  in  appearence  of  plasma  formations  at  the  anode.  Earlier  this  was  noted  in  paper  [  5  ]  when  elec¬ 
tron  beam  hit  cracks  or  scratches  on  the  anode.  Ion  flow  from  anode  plasma  formations  enters  a  cathode  pore 
thus  promoting  ionization  processes.  Dielectric  in  vacuum  gap  given,  "triple  point"  can  be  regarded  as  pores 
along  seal  perimeter  where  the  processes  mentioned  are  promoted  anode  pores  being  locked  exactly  to  the 
"triple  point”  of  the  cathode.  This  latter,  on  a  level  with  possible  charging  of  dielectric,  is  one  of  the  causes  of 
electrical  strength  decrease  for  vacuum  in  presense  of  dielectric. 

Dielectric  given,  characteristics  of  vacuum  insulation  can  be  explained  from  the  viewpoint  of  the 
hypothesis  discussed  .  The  include  breakdown  voltage  dependence  on  the  negative  slope  of  cylindrical  insula¬ 
tor  having  minimum  for  negative  angles  of  5. ..20°  [  7  ]  and  a  similar  in  appearence  dependence  of  pulsed 
breakdown  voltage  on  the  width  of  the  slot  (  gap)  between  insulator  and  the  second  electrode  (  cathode  or 
anode  ).  Both  the  "anode"  and  "cathode"  curve  minimums  are  registered  for  100  mu  slot  [  8  ]. 

From  the  viewpoint  of  both  existing  hypotheses  and  the  one  under  discussion  gas  desorption  decreas, 
mostly  off  the  insulator,  must  result  in  electrical  strength  improvement.  In  this  case  preliminary  bake-out  of 
high  voltage  electrodes  with  dielectric  insulation  should  be  desirable.  However,  we  found  out  bake-out  up  to 
225“C  in  high  vacuum  to  have  notably  increased  pre-breakdown  currents  while  further  temperature  elevation 
was  accompained  by  plasma  formations  appearing  at  dielectric  surface.  Based  on  hypothesis  suggested,  studies 
of  metal-dielectric  contact  spots  were  carried  out. 


0-8194-1 58  U2/94/$6.00 


SPIE  Vol.  2259  /  45 


2.  EXPERIMENT 


The  experimental  block  was  an  electrode 
system  of  metallic  rings  35  mm  in  diameter  sand¬ 
wiched  with  22XC  insulator  2.3  mm  thick  rectan¬ 
gularly  copper  soldered.  Metal  rings  were  of  the 
same  size,  the  internal  diameter  of  dielectric  being 
2  mm  greater  (  Fig.l  ).  Six  electrode  blocks 
sealed  into  separate  glass  envelopes  were  studied 
each  envelope  being  connected  to  a  common  vac¬ 
uum  pipeline.  Thus  measurement  process  for  each 
block  was  independent  of  the  rest.  Insulators  of 
three  blocks  were  chamfered  at  an  angle  of  45°  on 
all  the  four  edges  (  both  anode-cothode  and 
internal-external). 

Currents  were  measured  under  pressures 
less  than  0.0001  Pa;  this  condition  was  supported 
when  baking  out  the  blocks. 


3.  EXPERIMENTAL  RESULTS 

Voltage-current  characteristics  of  devices  with  electrode  system  under  study  were  measured.  Before 
bakeout  their  values  were  less  than  1  nA  at  voltage  of  7  kV  (  field  strength  E=3  MV/m  ).  Notable  current 
increase  for  facetless  insulators  appeared  already  following  bakeout  up  to  225’C,  while  the  maximum  value 
after  385''C  (  Fig.  1  ).  Current  rise  was  five  orders  of  the  inicial  value  approaching  0.1  mA.  In  some  places  of 
facetless  samples  fine  glowing  columns  of  reddish  colour  were  observed,  those  short  circuiting  electrodes 
across  the  surface  of  insulator  and  rapidly  heating  ceramics. 

EM  pictures  of  those  places  with  plasma  formations  were  camerated,  showing  microstructure  before 
and  after  bakeout  for  both  cathode  (  Fig.  2  )  and  anode  (  Fig.  3  )  joint.  (  Before  bakeout  to  the  left,  after  to 
the  right ).  Seal  thickness  is  shown  with  arrows.  Before  bakeout  the  seal  is  smooth  for  both  electrodes,  though 
it  does’t  fit  ceramics  tightly  in  all  places  (  Fig.  3  ).  After  bakeout  it  became  porous.  Typical  petterns  were 
observed  along  the  whole  perimeter.  Some  crashes  were  not  less  than  100  mu.  The  patches  of  seal  untightly 
fitting  the  ceramics  are  also  seen.  At  such  pore  size  equipotential  line  equal  to  hydrogen  ionisation  potential 
sags  into  at  the  field  strength  being  about  1  MV/cm  thus  resulting  in  rapid  current  buildup. 

The  influence  of  low-temperature  bakeout  was  confirmed  for  other  samples.  Those  differed  of  materi¬ 
al,  size  and  construction  of  the  "triple  point".  Porcelain  insulations  had  the  form  of  a  continuous  cylinder  20 
mm  in  diameter  and  length.  External  field  strength  being  0.3  MV/m  non-stationary  currents  with  peak  values 
of  some  milliamperes  followed  vacuum  bakeout  up  to  225"C.  One  had  to  find  out  the  causes  of  seal 
microstructure  variation.  Those  could  be  mechanical  tensions  resulting  from  the  difference  thermal-expansion 
coefficients  as  well  as  explosive  character  of  gassing  from  the  nearby  surface  layers.  The  cause  was  created  out 
in  the  experimental  with  the  second  design  of  samples.  Durable  degassing  of  sample  seals  in  vacuum  at  room 
temperature  preceeded  bakeout  procedure.  After  the  latter  no  currents  higher  than  1  nA  were  observed  even 
for  field  strength  3  MV/m.  Hence  seal  was  destroyed  when  baking  out  by  gassing. 

4.  SUMMARY  AND  CONCLUSION 

Appearance  of  porosion  in  "tripple  point"  both  for  cathode  and  anode  following  vacuum  bakeout 
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results  in  high  prebreakedown  currents.  The  latter  induce  irreversible  insulator  conductivityl9J, 

Preliminary  seal  bakeout  at  room  temperature  omits  this  limitation  on  vacuum  bakeout,  this  proce¬ 
dure  being  so  nessesary  for  high  voltage  devices  and  facilities. 

The  results  obtained  confirm  the  suggested  hypothesis  of  vacuum  insulation  violation  once  again 

more. 
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ABSTRACT 

“The  total  voltage  effect”  being  a  main  characteristic  of  vacuum  insulation  is  explained  from  an  earlier 
offered  mechanism  of  vacuum  insulation  deterioration  point  of  view  [1  -  3].  When  an  external  electric  field 
sagging  in  the  negative  electrode  cracks  and  pores  in  their  volume  ionization  processes  occur.  Gas  medium  in 
the  pores  appears  as  a  result  of  the  resonance  gas  desorption  from  the  pores  surface.  “The  total  current  effect” 
is  explained  by  the  same  processes. 


1.  INTRODUCTION 

It  is  known,  that  the  so  called  “total  voltage  effect”  is  revealed  as  a  decrease  of  the  field  intensity  with 
the  gap  increase  under  vacuum  breakdown  conditions.  Abrupt  decrease  of  this  value  (sometimes  by  an  order) 
can  be  observed  both  in  very  short  (0.01  mm)  and  in  long  (up  to  1  mm)  gaps.  However,  in  some  works  this 
dependence  is  absent,  and  in  some  other  works  it  changes  during  its  measurements.  The  cause  is  probably 
determined  by  the  fact  that  surface  state  changes  because  of  vacuum  breakdowns.  As  well  the  situation  relates 
to  the  gap  size  dependence  of  an  external  electric  field  intensity  at  a  constant  current  passing  through  the  gap. 
The  phenomenon  is  called  “the  total  current  effect”.  In  experiments  with  fully  metal  electrodes  preliminarily 
cleaned  of  oxide  and  mechanically  destroyed  layer  [4  -  5]  “the  total  current  effect”  depended  on  the  elec¬ 
trode  state.  It  is  shown  in  Fig.  1  that  after  the  electrodes  had  been  cleaned,  in  the  vacuum  gap  measuring 
interval  the  effect  is  absent,  but  it  appears  again  after  one  microbreakdown  took  place  and  it  is  clearly  defined 
after  a  number  of  microbreakdowns  occurred.  One  can  propose  that  these  properties  are  determined  by  the 
surface  microstructure  (appear  of  craters,  peaks,  cracks  etc.)  as  the  surface  monitoring  before  and  after  break¬ 
down  showed  that  nonmetal  inclusions  were  absent.  [4].  These  inclusions  registration  was  realized  by  means 
of  the  after-discharge  electron  emission. 

Interesting  results  were  received  when  studying  an  electrode  system  consisting  of  a  fully  metal  elec¬ 
trode  and  a  porous  foil  (Fig.  2).  On  the  base  of  the  measured  voltage  -  current  characteristics  with  the  porous 
electrode  different  polarity  the  following  vacuum  gap  length  dependences  of  an  external  electric  field  intensity 
were  plotted:  curve  1  (transition  to  the  exponential  region  of  the  voltage  -  current  characteristics),  curve  2  (a 
constant  current  passes),  curve  3  (vacuum  microbreakdown  occurs).  As  it  can  be  seen  from  Fig.  3,  all  curves 
for  the  both  cathodes  are  practically  parallel.  Curves  1  and  2.  illustrate  “the  total  current  and  voltage  effect”. 
However,  the  difference  between  field  intensity  on  curves  1  and  3  for  the  porous  cathode  is  essentially  less. 

We’ll  consider  these  relationships  from  the  viewpoint  of  the  processes  inside  pores  creating  the  vacuum 
insulation  deterioration  conditions.  The  foil  cathode  has  artificial  pores  of  approximately  30  mu  size.  In  other 
cases  defects  in  the  form  of  pores  weren’t  checked.  After  vacuum  breakdowns  pores  are  located  in  the  oxide 
film  at  grain  boundary  in  the  form  of  cracks,  craters  and  scratches.  When  an  external  electric  field  sagging  at 
the  boundary  of  a  solid  body  and  vacuum,  equilibrium  due  to  different  conductivity  between  the  thin  surface 
layer  with  deteriorated  crystal  lattice  directed  toward  vacuum,  from  one  hand,  and  layers  located  near  the  sur¬ 
face,  from  the  other  hand,  is  disturbed.  Electron  flow  toward  vacuum  appears.  These  electrons  interact  with 
adsorbed  layers  of  water  and  oxygen  and  the  resonance  gas  desorption  from  pores  surface  arises.  The  most 
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probability  of  this  process  corresponds  to  the  electron  energy  of  several  eV,  i.  e.  near  to  Fermi  energy.  As  a 
result  of  interaction  with  the  pore  surface  electrons  both  neutral  and  negative  particles  are  desorpted  into  its 
volume.  A  gas  medium  is  created  in  the  pore  volume  and  charged  particles  create  current  in  the  vacuutn  gap. 
Doing  so  they  increase  gas  desorption  from  the  pore  surface.  The  greater  an  external  field,  the  greater  it  sags 
into  pores,  i.  e.  gas  desorption  surface  increases.  That’s  why  the  first  region  of  the  voltage  -  current  character¬ 
istics  looks  like  a  linear  one.  This  relationship  is  clearly  defined  for  fully  metal  coatings  with  big  porosity  [1  - 
3].  Without  preliminary  heating,  in  presence  of  an  oxide  film,  at  a  bigpore  gas  pressure,  this  region  current,  as 
a  rule,  is  less  than  “ixA.  However,  as  for  a  porous  surface  with  through  pores,  degassing  goes  essentially  faster 
and  we  can  observe  initial  regions  being  close  to  linear  dependence  (Fig.  2).  The  fact  that  current  value  of  the 
initial  region  is  dependent  on  the  cathode  gas  saturation  was  convincively  showed  in  the  previous  works  [1,  2]. 

When  voltage  following  raising  equipotentials  being  equal  to  the  gas  ionization  potentials  sag  into 
pores.  Charged  particles  appearing  as  a  result  of  the  gas  resonance  desorption  take  part  in  pore  ionization 
process.  The  second  region  closed  to  exponent  develops.  Transition  to  it  can  be  both  smooth  and  abrupt.  The 
latter  takes  place  at  a  big  pore  pressure,  for  example,  after  pumping  out  from  atmospheric  pressure.  Iri  spite  of 
temporal  decreasing  the  initial  region  current  is  stable.  At  the  exponential  region  current  fluctuations  and 
jumps  occur.  During  the  following  current  increase  plasma  is  forming,  glowing  of  which  can  be  seen  in  many 
cases.  It  means  that  a  self-keeping  discharge  is  fixed  transiting  into  an  arc  at  a  determined  current  density. 
This  arc  can  be  short  time  or  stationary. 

The  moment,  when  the  initial  region  transits  to  the  exponential  one,  is  determined  by  the  pore  geom¬ 
etry  (width,  depth,  symmetry  etc.)  as  well  as  by  relation  of  these  values  with  the  gap  length.  The  second 
cause  is  the  gas  pressure  and  its  composition  but  here  they  are  not  considered  here.  To  explain  the  total  cur¬ 
rent  and  voltage  effect”  it  must  be  proposed  that  the  equipotential  being  equal  to  some  ionization  potential  at 
short  vacuum  gaps  sags  in  a  pore  volume  by  a  less  distance  in  comparison  with  the  long  ones.  Such  a  task  was 
set  and  the  sagging  of  an  external  field  depending  on  the  vacuum  gap  length  with  different  pore  configurations 
was  considered.  The  proposal  was  confirmed  and  the  first  results  were  published  in  the  work  [3].  In  this  article 
the  vacuum  gap  length  dependence  of  the  field  sagging  grade  in  the  pore  volume  at  different  pore  sizes  are 
presented. 


2.  EXPERIMENTS 

As  is  clear  from  earlier  experiments  with  specially  prepared  porous  surfaces  [3],  the  most  currents 
through  a  vacuum  gap  were  observed  for  the  sizes  near  100  mu,  and  current  density  of  tens  muA/cm  were 
measured  under  steady  state  conditions  at  the  .  .4  MV/m  field  intensity.  The  calculation  program  was  devel¬ 
oped  for  these  conditions.  A  cathode  pore  is  schematically  presented  in  Fig.  4.  Sagging  of  the  10  and  20  V 
equipotentials  at  the  4  MV/m  constant  intensity  of  the  macrofield  was  considered.  With  regard  to  initialener- 
gy  of  negative  particles  emitted  into  the  pore  volume  these  values  correspond  to  ionization  spectrum  of  the 
desorpted  from  pore  surface  gas.  In  Fig.  5  vacuum  gap  length  dependences  of  the  two  being  considered 
equipotentials  are  presented  in  the  interval,  where  “the  total  current  and  voltage  effect  is  best  defined.  These 
curves  once  again  confirm  the  fact  that  for  big  pores  with  sizes  being  closed  to  studied  ones,  the  field  sag  is 
less  in  case  of  short  gaps,  i.  e.  “the  total  current  and  voltage  effect”  takes  place. 

It  is  best  defined  for  the  pores  with  big  sizes,  depth  of  which  is  comparable  with  the  width  of  the  pore  or 
more.  It  is  shown  in  Fig.  6.  So,  the  reveal  grade  of  the  considered  effects  is  determined  by  the  pore  size  rela¬ 
tive  to  the  gap  length.  As  the  field  sag  measuring  results  showed,  for  the  radius  being  by  an  order  less  than 
considered  ones  these  effects  are  absent.  In  this  case,  as  a  rule,  vacuum  insulation  disruption  field  intensity 
increases.  This  picture  is  observed  on  microchannel  plates  with  essentially  less  pore  size,  i.e.  the  studied  effects 
are  practically  absent  [6]. 

Porous  cathode  peaks,  on  which  an  external  field  influence  was  100  times  strengthened  is  determined. 
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Fig  1.  Total  current  effect  after  glowing  dis¬ 
charge  treatment  (1),  after  one  vacuum  micro - 
breakdown  (2),  after  a  number  of  breakdowns  (3). 

I,  muA 


Fig.  2.  Voltage  -  current  characteristics  for  a 
cathode  of  porous  foil  with  through  pores. 


E,  lO’B/m 


Fig.  3.  Field  macrostrength  versus  vacuum  gap 
length  for  cases:  1,  1'  -  transition  to  exponential 
part  of  current-voltage  characteristics  (according 
to  fig.  2);  2,  2'  -  vacuum  breakdown.  X-porous 
cathode,  O  -  full  metal  cathode. 


Fig.  4.  A  schematic  picture  of  a  cathode  pore; 
d:  vacuum  gap  length(cathode-to  anode  inter¬ 
val),  r:  pore  radius,  t:  pore  depth,  1:  sag  grade 
of  the  being  studied  equipotential  into  the  pore. 


L 


Fig.  5.  Sag  of  the  10  (  X  )  and  20  (  O  )  V 
equipotentials  in  relative  units  depending  on  the 
vacuum  gap  length,  the  pore  depth  is  100  mu;  I] 
-  pore  radius  is  equal  to  50  mu,  II  -  pore  radius 
is  equal  to  25mu. 


L 


Fig.  6.  Sag  of  the  10  (  X  )  and  20(  O  )  V 
equipotentials  in  relative  units  depending  on 
the  pore  depth  t,  pore  radius  r  =  25  ,  vacuum 
gap  length  d  =  0.1  mm. 
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Fig.  7.  A  photo  of  a  porous 
cathode  after  peaks  appeared 
(the  gap  voltage-current 
characteristics  didn’t 
change) 


When  studying  a  porous  cathode  with  the  pore  radius  r  =  50  mu  and  with  foil  anode,  micropeaks  on  the 
anode  appeared  after  a  number  of  discharges  melting  the  anode  through.  These  peaks  were  visible  by  the 
unaided  eye  and  were  shot  by  a  photocamera  (Fig.  7).  After  the  peaks  appeared  the  porous  cathode  voltage  - 
current  characteristics  practically  didn’t  change.  The  electric  field  sag  calculation  with  a  cathode  having  such 
peaks  for  the  above  mentioned  pore  size  showed  that  the  sag  value  was  somewhat  less_  These  experimen  s 
attest  that  under  the  considered  field  intensities  an  influence  of  autoemission  is  absent.  The  fact  is  also  con¬ 
firmed  by  the  calculation  results  (an  external  field  gain  at  the  pore  edge  decreases  with  the  vacuum  gap 
increasing  and  its  value  for  short  gaps  is  no  more  than  10. 

3.  SUMMARY  AND  CONCLUSIONS 


The  received  results  confirm  the  possibility  to  explain  “the  total  current  and  voltage  effect  using 
processes  occurring  primarily  in  a  cathode  pores.  Influence  of  an  anode  pores  is  considered  in  [7].  The  exper¬ 
iment  and  calculation  results  confirm  the  proposed  hypothesis  validity  for  all  kinds  of  vacuum  insulation  dam¬ 
age 

indicators. 
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ABSTRACT 


The  effect  of  injection  processes  on  the  pulse  discharges  propagation  mechanism  in  solid  dielectrics  has 
been  shown.  It  has  been  established,  that  during  a  cathode  discharge  these  processes  are  analogous  to  laser  ac¬ 
tion  on  solids,  while  in  the  case  of  an  anode  discharge  they  are  similar  to  detonations  of  explosives. 

l.INTRODUCTION 


According  to  traditional  conceptions  established  in  the  physics  of  solid  dielectric  breakdown,  the  basic 
mechanism,  determining  regularities  of  this  process,  is  the  shock  ionization  of  valence  electrons  by  conduction 
electrons.  With  cathode  discharge  conduction  electrons  get  into  the  discharge  gap  as  a  result  of  injection  from 
the  cathode  or  from  the  head  of  the  discharge  channel.  With  anode  discharge  this  happens  as  a  result  of  inward 
injection  of  valence  electrons  through  the  forbidden  zone.  The  difference  between  the  dynamic  characteristics  of 
these  discharges  is  explained,  usually,  by  the  difference  in  resulting  electric  fields  in  the  region  of  volume  homo- 
and  heterocharges.  The  values  of  critical  fields  Em ,  for  which  there  occurs  a  disruption  in  the  condition  electron 
velocity  distribution  function  have  been  termed  criteria  of  shock  ionization  or  criteria  of  breakdown.  This  point 
of  view,  which  is  correct  for  narrow-gap  semiconductors,  cannot  be  extended  to  wide-gap  dielectrics  for  many 
reasons.* 

Earlier  it  has  been  established,^  that 


Ek<Em<Ei,  (1) 

Here  Ekfij  -  are  critical  field  in  tensities,  limiting  the  range  of  fields  in  which  overheat  instability  of 
S  -  type  conduction  electrons  appears,  which  leads  to  cord  of  the  current.  This  occurs  with  electron  energies 
e„  <  l.SeV,  which  are  allowed  by  energy  zones  of  electrons. 

Coincidence  of  criteria  (1)  is  physically  justified.  Indeed,  for  the  development  of  S  -  type  instability  it  is 
necessary,  that  in  the  range  of  fields  Ek  <  E  <  Ei  in  the  fluctuation  region  either  the  electron  concentration 
electrons  He,  or  electron  mobility  \le  gets  increased.  Criterion  E„,  fulfilled  with  B„  =0.1eV  testifies  to  the 
latter.  Of  fundamental  significance  for  the  formation  of  a  qualitatively  new  approach  to  the  description  of  injec¬ 
tion  processes  with  the  emergence  and  spreading  of  pulse  discharges  was  the  experimentally  determined 
dependence.* 

V cd  Co  <  V (,4  ,  (2) 

I 

where  Vcd,  Vad,  Co  -  are  respectively  rates  of  discharges  from  the  cathode,  and,  anode,  and  velocity  of 
sound  in  solid  dielectrics. 

There  were  developed  electro  -  and  magneto  -  hydrodynamic  (  EHD  and  MHD  )  theories  of  these 
processes.'*’*  Quantitative  analysis  of  calculation  correlations,  ensuing  from  these  theories,  has  led  to  the  follow¬ 
ing  results. 
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2.DTSCHARGE  FROM  THE  CATHODE. 


Fig.  1  The  density  of  the  power  at  the  cathode 
discharge.  1,2  -  on  phaze  surfaces  F,  and  F^,  3  - 


It  is  known,*  that  in  case  of  propagation  of  the 
phase  transition  front  (  PTF  )  at  velocities  D  <  Cg,  the 
substance  state  parameters  behind  the  PTF  are  less  than 
critical,  i.e. 

PuTi<Pc,Tc,  (3) 

Calculation  of  pressure  Po  on  the  phase  surface 
(PS)  with  D=Vcd<  Co  were  carried  out  using 
formula* 

Po=5^exp(^),  (4) 

where  Po=Pn,Tn  -  are  the  pressure  and  tem¬ 
perature  at  PS,  Ro  -  is  the  gas  constant,  \la  -  is  the 
gram-atomic  weight.  Wo  -  is  the  phase  transition  po¬ 
tential  barrier,  fi/po  =  10^  10^,  po  -  is  the  density  of 

saturated  vapours.  For  NaCl  with  T„  =  Tc  =  3400  K, 
Po=Pc  =  35  MPa,  po  =  pc=220  kg/m^ 


Wo  =  0,B  =  3.33-10^  .  It  has  been  determined,  that  criterion  (3)  is 
not  fulfilled  on  the  assximption  of  existence  in  the  discharge  channel 
of  one  PS  (Fg),  on  which  the  "solid  -  gas  (plasma  )"  transition  oc¬ 
curs.  In  this  case,  if  Pi,  Ti  <  Pc,  Tc,  then  Vcd  =  D<  Vcd,mm  —  800 
m/s.  If  8-10^  <  Vcd  ^  3-10^  m/s,  then  P\,T\>  Pc,  Tc-  At  the  same 
time,  criterion  (3)  is  satisfied  by  the  consecutive  transformation  of 
solid  dielectric  first  into  a  melt  (Fj ),  and  then  -  into  a  gas  (  plasma  ) 
(Fj ).  Power  density  on  the  surface. 


q2=MiVcd  =  -^\^- 


^dU 
^  dt 


ri  + 


ln^//rg  j 


(x 


VcdUo 


(5) 


where  ro.f,-  -  are  radii  of  the  injecting  part  of  the  discharge 
channel  and  of  the  volume  charge,  /  -  is  the  length  of  the  melt  zone, 
a  -  is  its  electrical  conductivity,  Ah  -  is  the  change  in  enthalpy  per 
unit  mass,  A  -  is  the  magnitude  of  the  discharge  gap,  U^,  dU/dt  -  are 
instantaneous  values  of  parameters  of  the  pulse  voltage  when  the  dis¬ 
charge  chaimel  appears.  (Fig.l)  Comparison  of  values  q(V^J  with 
data^  on  the  dependence  D(q)  with  laser  action  on  A1  is  shown  in 
Fig.2.  This  is  evidence  of  the  closeness  of  the  physics  nature  of 
these,  at  the  first  glance,  quite  different  processes. 


Fig.  2  Velocities  of  the  spreading  of 
phaze  passages  at  the  laser  influence 
on  Al(l)  and  at  the  cathode  dis- 


3./tNODE  DISCHARGE. 


With  pulse  voltage,  especially  in  the  nanosecond  range,  when  dU/dt  >  10^“'  V/s,  the  density  of  the  injec¬ 
tion  cmrent  y,  at  head  of  the  channel  in  section  Sg,  closing  on  the  displacement  current  y^=  Sg'  dQ/dt,  exceeds 
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of  cathode  and  anode  discharges. 


jj  —  Jc  >  10‘  A/cm^  .  These  values  of  jj  approach  those, 
which  with  the  injection  of  electrons  from  the  cathode 
induce  a  number  of  phenomena,  called  explosive  electron 
emission.* 

At  the  same  time,  the  use  of  known  quantum  - 
mechanics  formulas  for  determining  jj  shows  that  when 
the  width  of  the  forbidden  zone  in  dielectrics  £g  >5  eV, 
such  current  densities  can  be  attained  only  in  fields, 
E>  10*  V/cm,  which  hardly  can  be  fulfilled  in  experi¬ 
mental  conditions.  The  elimination  of  this  contradiction 
is  connected  with  the  exceptionally  supersonic  mechan¬ 
ism  of  propagation  of  the  anode  discharge  and,  as  a 
consequence,  with  the  generation  of  the  shock  wave 
(SW)  phase  transition  front.  It  is  known,’’^®  that  the  ac¬ 
tion  of  a  SW  on  dielectrics  leads  to  a  reduction  of  e^and 
to  an  increase  of  the  temperature  of  the  substance  behind 
the  front  SW.  Thus,  for  NaCl  £^(^^=1  bar)/feg 
(Po=220kbar  )=3.5  and  7^  sl300  K.  Under  these  condi¬ 
tions  the  requirement  that  jj  =  jc  is  easily  fulfilled  at  the 


expense  of  thermoautoelectron  emission  with  iF<10’ 
V/cm.  An  additional  source  of  energy,  released  behind 
the  SW  front,  is  the  conversion  of  energy,  stocked  in  the  dielectric  (~  SZoEyi)  into  heat  before  the  SW  front. 


Fig.  4  Cronogrammes  of  the  outflow  of  the  highspeed  compo¬ 
nent  of  the  plasma  from  the  channel  of  the  anode  discharge 
in  KCl.  1  -3  -  Uo=  320,  270,170  kV;  C  =  10  ’  F. 

4  -  250  kV;  C  =  4  10  “  F. 

coinciding  with  detonation  velocities  D, 
the  equations  describing  the  detonation  of  solid  explosives,"  prove  to  be  correct  in  the  calculation  of  anode  dis¬ 
charge  parameters. 


The  shock  natiue  of  these  processes 
leads  to  that  the  anode  discharge  gains  fea¬ 
tures,  which  are  typical  of  the  detonation  of 
explosives.  The  common  features  for  these 
processes  are  :  exceptionally  supersonic  and 
constant  speed  of  propagation  of  PTF  the 
with  generation  by  this  front  of  SW;  presence 
behind  the  SWF  of  an  extensive  "reaction 
zone"  in  which  there  take  place  phase  trans¬ 
formations  in  the  substance;  the  same  laws  of 
motion  for  the  substance  in  this  zone;  de¬ 
pendence  of  substance  state  parameters  (  P, 

T,  Ah  )  on  the  Mach  number.  With  anode 
discharge  the  magnitude  of  M  must  be  redet¬ 
ermined  with  account  taken  of  field  E  *.  It  is 
no  coincidence,  that  in  the  range  of  velocities 


If  one  imagines  the  "reaction  zone"  as  a  semiellipsoid  of  rotation  with  semiaxes  and  then  the  power 
density  at  the  end  of  the  reaction  zone  will  be  equal  to: 


^«=A/iF^=1.84*10-2e£o 


0,iiim 


+2.88 


eep  /  aft/ V  ip 


(6) 
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Here  rg,„i„  s  10  *  cm  -  is  the  mini¬ 
mum  radius  of  the  reaction  zone;  Ip, a  - 
are  its  length  and  electrical  conductivity. 

The  enthalpy  change  Ah  was  deter¬ 
mined  according  to  a  calculation  and  ex¬ 
perimental  method^^  with  simultaneous 
electronic  -  optical  registration  of  dis¬ 
charge  speeds  Power  densities  power 
q—V^  Ah,  that  developed  at  the  PTF  with 
pulse  discharges  in  KCl  crystals  are  shown 

in  Fig.  3. 

Fig.  5  The  comparison  of  experimental  and  calculated 

magnitudes  S(t).  1,4  -  Fig.4;  a,b  -  calculate  (7),  =  1  J,  Analysis  of  chronograms  of  pl^ma 

=  10'^  J.  outflow  from  the  discharge  charmel  (Fig.4) 

has  confirmed  the  possibility  of  using  the 
theory  of  point  explosion**  for  the  description  of  this  process.  It  has  been  established,  that  the  initial  stage  of  the 
outflow  of  the  high-speed  plasma  component  is  described  by  the  automodel  equation.** 

S(0  =  (^) P) 

where  S(t)  -  is  a  shock  wave  coordinate  depending  on  time  / ,  ep  -  is  the  energy  of  a  point  explosion,  p,- 
is  density  of  air,  a  -  is  a  coefficient,  with  1 . 1  <  y  <  3  and  spherical  symmetry  a  =  0.5.  At  later  stages  of  propa¬ 
gation  of  SW  (/  >50ns)  experimental  values  of  S(t)  exceed  those  calculated  according  to  (7).  This  means  (Fig.5), 
that  behind  the  SW  front  supplementary  energy  **  is  released. 

Values  of  energy  eo ,  for  which  S(t),  calculated  according  to  formula  (7),  coincided  with  experimental 
ones,  were  compared  with  the  energy  W  —  CU^ /2 ,  stocked  in  the  pulse  voltage  source.  It  has  been  found  that 
the  part  of  the  energy,  expended  on  the  formation  of  the  high-speed  plasma  component,  is  (10  *  -  5- 10  *)  IK 

4. CONCLUSION 

Thus,  the  difference  in  spatial-time  regularities  of  discharges  from  cathode  and  anode  is  linked  with  essen¬ 
tially  different  injection  mechanisms  and  their  energy  consequences.  With  discharge  from  the  cathode  they  lead 
to  processes,  analogous  to  those,  which  take  place  with  laser  action  on  sohds.  With  discharge  from  the  anode  we 
have  processes,  that  are  typical  of  explosive  detonation. 

As  is  known**,  the  detonation  process  can  be  imagined  as  a  joint  action  of  shock  wave  and  chemical  reac¬ 
tion.  The  shock  pulse  initiates  the  reaction,  and  the  energy  of  the  reaction  maintains  the  amplitude  of  the  wave. 

In  our  case,  the  shock  pulse  leads  to  a  reduction  of  the  width  of  the  forbidden  zone  £g  and  to  an  increase 
of  temperature  behind  the  SW  front.  In  its  turn  this  creates  conditions  for  an  internal  shock  thermoautoelec- 
tronic  emission  of  electrons  and  to  the  release  behind  the  SWF  of  considerable  specific  energy,  which  maintains 
the  SW  amplitude.  Hence,  the  anode  discharge  propagation  mechanism  has  been  termed  electron-detonative. 
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Discharge  initiation  system  in  electrothermal  launcher 
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ABSTRACT 

A  discharge  initiation  system  is  developed  which  is  intended  for  discharge  gap  breakdown  in  an 
electrothermal  launcher.  It  consists  of  a  high  voltage  transformer,  a  pulse  sharpening  discharge  element  and 
a  nonlinear  inductance  or  magnetic  switch.  The  high  voltage  transformer  with  air  as  dielectric  produces 
output  voltage  up  to  130  kV.  It  permits  to  realize  with  certainty  the  breakdown  of  gaps  with  length  up  to  3 
cm.  The  breakdown  occurs  along  the  surface  of  dielectric  dividing  the  gap  electrodes,  polyethylene,  fluoric 
plastic  and  ceramics  being  used  as  a  material  between  electrodes. 


The  repetitive  operational  regime  of  an  electrothermal  launcher  which  is  used  as  an  equipment  for 
producing  coatings  out  of  powder  materials^  requires  a  foilless  discharge  initiation  system.  Commonly,  as  in 
case  of  rocket  plasma  launchers  an  additional  high  voltage  electrode  is  used  which  triggers  the  gap  initial 
break-down.  The  specific  discharge  camera  construction  as  well  as  characteristic  discharge  parameters  of  the 
electrothermal  launchers  motivated  us  to  develop  an  initiation  discharge  system  in  which  the  triggering  high 
voltage  pulse  is  applied  directly  to  the  gap’s  electrodes.  The  schematic  clarifying  the  system  principle  of 
operation  is  presented  in  Fig.  1. 


A  high  voltage  capacitor  Cq  is  charged  from  a  high  voltage  source.  At  a  certain  voltage  level  the 
pulse  sharpening  gap  Si  is  triggered  and  the  capacitor  Cq  gets  connected  to  the  main  gap  Sq  of  the 
discharge  circuit  which  consists  of  a  nonlinear  inductance  (magnetic  switch)  Lg  and  preliminary  charged 
capacitive  store  Cq.  After  breakdown  of  the  gap  Sq  the  magnetic  switch  Lg  is  moved  into  saturation  regime 
due  to  the  discharge  current  and  its  inductance  drops  to  a  small  value. 


The  ferrite  rings  (p=80;  Bniax”0.4  T)  with  inner  and  outer  diameters  correspondingly  60  and  100 
mm  were  used  as  magnetic  flux  path  in  the  switch.  Several  windings  are  wound  around  the  rings  and 
connected  in  parallel  with  the  purpose  of  diminishing  the  magnetic  switch  inductance  in  saturation  regime 
and  avoiding  the  effects  of  ampere  forces  and  wire  heating.  The  number  of  windings  and  number  of  turns  in 
each  winding  depend  on  the  discharge  circuit  operational  regime  and  discharge  gap  geometry.  The  latter  has 
the  shape  of  a  cylindrical  cavity  surrounded  by  dielectric  walls  and  having  two  electrodes:  a  pin-electrode  at 
the  input  butt  end  and  a  ring-electrode  at  the  output. 


As  an  energy  source  the  high  voltage  pulse  transformer  is  used  the  primary  wounding  of  which  is 
connected  to  a  capacitor  by  means  of  a  tiristor  switch.  The  capacitor  was  charged  up  to  the  voltage  not 
exceeding  600  V. 
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The  transformer  secondary  winding  contains  1000  turns  which  are  wounded  by  sections  on  a 
framework  made  of  the  organic  glass.  The  framework  is  placed  inside  the  insulating  drum  outside  of  which 
the  primary  winding  is  wounded.  The  latter  consists  of  4  turns  made  of  three  copper  bus-bars  connected  in 
parallel.  For  magnetic  field  concentration  and  coupling  coefficient  enhancement  ferrite  rings  separated  by 
insulating  disks  are  placed  into  the  space  inside  the  secondary  winding.  The  high  voltage  is  being  withdrawn 
along  the  drum  axis  by  means  of  the  cable  central  strand.  The  transformer  dimensions  are  as  follows:  the 
length  is  236  mm,  the  diameter  is  116  mm.  The  primary  and  secondary  windings  inductances  pH  were  0.9 
and  28.2  pH  correspondingly,  the  coupling  coefficient  being  equal  to  0.7. 


The  loadless  maximum  voltage  value  at  the  secondary  winding  output  without  electrical  breakdown 
was  60-70  kV.  For  the  purpose  of  this  value  increasing  some  transformer  oil  was  poured  inside  the 
insulating  tube  that  resulted  in  obtaining  output  voltage  values  up  to  120-130  kV.  It  appeared  to  be  enough 
to  realize  with  certainty  the  break-down  of  air  discharge  gaps  with  length  up  to  2.5-3  cm,  the  pressure  in 
the  gap  being  atmospheric.  The  break-down  occurred  along  the  inner  surface  of  cylindrical  dielectric. 
Polyethylene,  fluoric  plastic  and  ceramics  were  used  as  dielectrics. 


RF.FFRFNCES 


1.  United  States  Patent;  4,142,089;  Feb.  27.  Pulsed  coaxial  thermal  plasma  sprayer. 


Fig.  1.  Discharge  initiation  circuit. 
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A  REAL-TIME  OPTICAL  STUDY  OF  DC  AND  PULSED-FIELD 
BREAKDOWN  EVENTS  IN  HIGH-VOLTAGE  VACUUM-INSULATED  GAPS 


N  S  Xu  and  R  V  Latham 

Department  of  Electronic  Engineering  and  Applied  Physics.  Aston  University,  Birmingham  B4  7ET,  UK. 

ABSTRACT 

A  'transparent  anode'  imaging  technique  has  been  used  to  display  the  spatial  distribution  of  prebreakdown  emission  sites  and 
the  location  of  subsequent  breakdown  events.  Using  a  real  time  video  recording  technique,  it  has  been  i»ssible  to  address  the 
following  issues;  (i)  whether  or  not  a  spatial  correlation  exists  between  a  DC  prebreakdown  emission  site  and  the  locauon  of 
a  subsequent  DC  or  pulsed-freld  (PF)  breakdown  event,  and  (ii)  the  evolutionary  character  of  both  DC  and  PF  breakdown 
processes. 


1.  INTRODUCTION 

It  has  been  long  assumed  that  the  field-induced  prebreakdown  electron  emission  processes  associated  with  particulate-like 
surface  microstructures  are  responsible  for  initiating  the  breakdown  of  a  HV  vacuum  gap  formed  by  broad-^ea  electrodes  ^ 
However,  there  is  no  direct  evidence  confirming  that  breakdown  events  (both  DC  and  PF)  can  be  initiated  front  a  DC 
prebreakdown  emission  site  (PES).  Also,  there  is  a  need  to  obtain  a  clearer  physical  picture  of  the  breakdown  mechanism 
itself.  This  paper  describes  how  the  Transparent  Anode  imaging  technique  [2]  has  been  adapted  for  an  experimental  study 
aimed  at  addressing  the  above  needs. 


2.  EXPERIMENTAL 

2.1  SYSTEM 

As  illustrated  in  Fig  1,  the  study  is  based  upon  a  UHV  vacuum  chamber  (<10’°mbar)  containing  a  test  gap  formed  between  a 
transparent  anode  and  a  15mm  diameter  Cu  cathode.  The  transparent  anode  is  made  front  a  glass  substrate  coated  with 
conducting  tin-oxide,  and  is  used  to  record  the  spatial  distributions  of  both  prebreakdown  emission  sites  and  the  locations  of 
breakdown  arcs.  Thus,  the  visible  light  (transition  radiation)  generated  on  the  anode  by  the  impact  of  electrons  can  be  (toectly 
correlated  to  the  position  of  emission  sites  [2].  A  video  camera  with  a  frame  speed  of  40ms  is  used  to  record  optical  images 
in  real-time  sequences.  To  complement  these  recordings,  an  oscilloscope  (Techtronix  7904)  is  used  to  monitor  the  time- 
profile  of  the  collapsing  gap  voltage.  Finally,  an  in-house  built  HV  pulse  generator  provides  output  pulses  of  magnitude  up 
to  15  kV  with  a  rise  time  of  ~lp.s. 
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2.2  PROCEDURES 

A  common  preparation  procedure  was  employed  for  both  types  of  experiment  illustrated  in  Fig  2.  Thus,  the  test  surface  of  an 
as-machined  Cu  cathode  is  firstly  mechanic^y  polished  and  cleaned  in  an  ultrasonic  spirit  bath.  It  is  then  mounted  in  the 
chamber  and  carefully  adjusted  to  form  a  0.5mm  plane-parallel  gap  with  the  transparent  anode.  The  chamber  is  then  pumped 
down  to  its  operating  pressure  of  <  lO'^mbar. 


Type  1 


Type  2 


Fig  2  Illustrating  the  two  types  of  evolutionary  experiment  reported  in  this  paper. 

In  each  of  the  following  electrical  measurements,  a  video  camera  system  is  set  to  make  a  continuous  and  concurrent  record  of 
all  optical  activity  that  occurs  in  the  gap,  thus  making  it  possible  to  correlate  the  optical  and  electrical  characteristics  of  the 
test  cathode. 

DC  Prebreakdown  Characterization  This  involves  very  slowly  increasing  the  field  applied  to  the  virgin  specimen 

until  its  "first  generation”  of  emission  sites  are  switched-on  to  establish  a  reversible  prebreakdown  current  of  l-10|iA.  The 
map  of  these  sites  is  recorded  on  video  film  and  can  be  used  as  a  reference  for  a  later  spatial  correlation  analysis.  In  addition, 
the  I-V  data  are  collected  in  order  to  derive  an  effective  P- value  for  the  given  population  of  sites. 

DC  Breakdown  Study  To  initiate  a  breakdown  of  the  test  gap,  the  applied  field  is  slowly  increased  until  there  is  a  sudden 

jump  in  the  gap  current,  accompanied  by  a  collapse  of  the  gap  voltage. 

PF  Breakdown  Study  For  this  type  of  study,  the  amplitude  of  the  pulsed-field  is  increased  incrementally  in  500V  steps, 
starting  from  a  value  that  is  ^-75%  of  the  maximum  DC  field  used  to  record  the  prebreakdown  I-V  characteristic  of  the  gap. 
At  each  pulsed  field  level,  up  to  15  pulses  are  fired  to  determine  whether  or  not  breakdown  events  occur.  The  reason  for  doing 
this  will  be  explained  later.  If  bre^down  events  do  occur,  then  pulses  are  continuously  fired  until  no  more  such  events  are 
observed  at  this  field  level.  The  magnitude  of  the  pulse  is  then  again  incrementally  increased  and  the  process  repeated. 

2.3  FINDINGS 

Type  1  Measurement  Fig  3a  illustrates  the  typical  optical  images  obtained  from  two  sequential  video  frames. 

Frame  1  displays  the  spatial  distribution  of  DC  prebreakdown  sites  just  before  breakdown,  whilst  Frame  2  shows  the 
locations  of  the  subsequent  breakdown  arcs.  It  is  important  to  note  that  the  position  of  one  of  these  arcs  coincides  with  the 
prebreakdown  site.  In  fact  this  study  has  shown  that  80%  of  DC  breakdown  events  are  initiated  at  DC  prebreakdown  emission 
sites.  In  addition,  Frame  2  shows  that  a  DC  breakdown  event  can  consist  of  a  number  of  localised  arcs. 


Frame  1 


M 

Urns* 


Fig  3  Illustrating  (a)  how  two  optical  images  from  consecutive  video  frames  confirm  that  a  spatial  correlation  exists 
between  a  PES  and  the  primary  arc  of  a  breakdown  event,  (b)  the  associated  record  of  the  collapsing  gap  voltage. 


SPIEVoL  2259(61 


r 


To  complement  this  optical  data.  Fig  3b  illustrates  a  typical  oscilloscope  trace  of  the  time  profile  of  the  collapsing  gap 
voltage  during  a  period  of  -20ms  of  a  DC  breakdown  process,  where  each  collapse  is  seen  as  a  downwards  pointing  peak.  As 
can  be  seen,  5  peaks  are  recorded,  where  the  time  interval  between  two  successive  peaks  can  be  as  short  as  -4ms. 


Fig  4  A  schematic  illustration  of  the  time-resolved  evolutionary  process  assumed  to  be  responsible  for  the  integrated  image 
of  a  DC  breakdown  event  shown  in  Fig  3a. 

From  a  comparison  of  the  gap  voltage  profile  of  Fig  3b  and  the  optical  breakdown  image  of  Fig  3a,  it  will  be  seen  that  there 
is  an  apparent  numerical  correspondence  between  the  number  of  breakdown  arcs  and  collapses  of  the  gap  voltage.  It  is 
therefore  reasonable  to  assume  that  a  DC  breakdown  event  involves  a  sequence  of  spatially  random  localised-arcs  as  illustrated 
in  Fig  4.  To  experimentally  verify  this,  it  would  be  necessary  to  employ  a  higher  frame  speed  recording  technique. 

Type  2  Measurement  Fig  5  illustrates  the  typical  findings  obtained  from  optical  imaging  and  electrical 

measurements  recorded  with  the  PF  technique  described  in  Section  2.1  above.  Thus,  Fig  5a  illustrates  how  a  PF  breakdown 
arc  is  typically  initiated  at  a  PES.  If  this  same  cathode  is  now  subjected  to  a  further  sequence  of  constant-value  pulses,  it  is 
found  to  exhibit  three  distinct  evolutionary  phases  in  its  response.  Thus,  referring  to  Fig  5b,  it  is  found  that,  during  Phase  I, 
corresponding  to  -6  pulses,  no  breakdown  events  are  initiated.  In  contrast.  Phase  II  is  typically  associated  with  -25 
breakdown  events,  where  each  pulse  produces  one  breakdown  event.  In  the  following  Phase  III,  up  to  a  further  20  or  more 
pulses  can  be  applied  to  the  gap  without  initiating  a  further  breakdown  event;  ie  it  has  become  stable  at  this  field.  However,  if 
the  magnitude  of  the  pulsed  field  is  now  increased,  the  typical  three-phase  process  described  above  again  repeats  itself. 

The  typical  spatial  locations  of  the  complementary  optical  processes  is  illustrated  schematically  in  Fig  5b.  This  shows  that 
the  PF  breakdown  arcs  associated  with  any  given  sequence  tend  to  be  clustered  within  a  localised  region  of  the  cathode  surface. 

3.  DISCUSSION 

The  first  important  finding  to  emerge  from  this  study  is  the  confirmation  that  a  spatial  correlation  exists  between  a  DC-PES 
and  the  location  of  a  subsequent  primary  DC  or  PF  breakdown  arc.  This  therefore  represents  direct  experimental  evidence  in 
support  of  the  belief  that  a  breakdown  event  is  likely  to  be  initiated  at  particulate-like  surface  microstructures  that  have  a 
semiconducting  or  insulating  nature;  ie  identical  to  those  that  are  now  accepted  to  be  responsible  for  DC  prebreakdown 
emission  processes  [1]. 

The  second  important  finding  is  that  a  DC  breakdown  event  is  characterised  by  a  primary  arc  followed  immediately  by  a 
sequence  of  spatially  random  secondary  localised  discharges.  The  causes  for  the  secondary  discharges  are  not  clear  at  the 
present  However,  it  is  probable  that  they  are  breakdown  events  associated  with  new  electron  emission  sites  formed  on  the 
cathode  surface,  as  the  result  of  particulate  materials  being  deposited  on  cathode  surface  during  a  previous  discharge. 

The  third  important  finding  is  that  a  sequence  of  constant-value  high-field  pulses  can  de-stablise  potential  emission  sites;  ie 
modify  their  electronic  properties  to  the  point  where  they  are  likely  to  initiate  a  breakdown  event.  In  practical  terms,  a 
pulsed-field  breakdown  appears  to  be  typically  "delayed"  by  a  sequence  of  -6  pulses.  This  indicates  that  the  pulsed-field 
breakdown  processes  that  have  been  observed  in  the  present  experiments  are  very  likely  to  be  associated  with  non-metallic 
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emitters  [1]:  not  least,  because  one  would  not  anticipate  a  time  delay  in  the  occurrence  of  a  breakdown  event  with  metallic 
emitters. 


(a)  Spatial  Correlation 


(b)  Evolutionary 
Characteristics 


Image  of  Pulsed-Field  Discharge 


Fig  5  (a)  Illustrating  how  successively  applied  pulse-sequences  of  incrementally  increasing  magnitude  eventually  lead  to  a 
PF  breakdown  event  that  is  initiated  at  a  DC-PES.  (b)  Illustrating  how  the  breakdown  arcs  associated  with  a  particular 
sequence  of  pulses  are  clustered  within  localised  region  of  the  cathode  surface.  NB:  Each  sequence  consists  of  15  to  25 
constant-magnitude  pulses,  where  the  individual  pulses  are  shown  as  single  vertical  lines:  pulses  that  do  not  achieve  the  full 
g^  voltage  level  correspond  to  the  occurrence  of  PF  breakdown  events. 


4.  CONCLUSIONS 

The  following  conclusions  can  be  drawn  from  the  present  study. 

•  A  spatial  correlation  exists  between  a  DC  prebreakdown  emission  site  and  the  location  of  a  subsequent  DC  or  PF 
breakdown  initiating  arc. 

•  A  DC  breakdown  event  consists  of  a  sequence  of  spatially  random  localised  arcs. 

•  Potential  emission  sites  can  be  "promoted"  to  initiate  a  breakdown  by  the  application  of  a  sequence  of  constant 
magnitude  pulses. 
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1.  INTRODUCTION 

Electrode  systems  with  electrode  areas  exceeding  a  few  square  meters  and  interelectrode  gaj)  spasings  reaching 
several  tens  of  centimeters  are  used  in  physical  experiments  for  the  production  of  large-cross-section  charged-particle 
beams  as  well  as  for  the  separation  and  deflection  of  the  particles.  Under  commercial  vacuum  condition,  the  break¬ 
down  voltage  is  strongly  affected  by  the  electrode  size  and  surface  condition  and  the  electrode  separation.  Thus,  for 
a  1-mm  gap,  increasing  the  electrode  area  a  hundred  times  reduces  the  breakdown  voltage  by  about  one  half,  all 
other  conditions  being  the  same.  Large  and  intricately  shaped  electrodes  make  the  system  dega^iing  and  condition¬ 
ing  more  complicated.  Prebreakdown  currents  produce  an  extra  load  on  the  power  supply  circuits  and,  in  pulsed 
accelerators,  they  distort  the  beam  currents  waveform  and  often  difurb  the  normal  operation  of  the  accelerator.  This 
has  stimulated  the  study  aimed  at  refining  the  factors  affecting  the  breakdown  voltage,  elucidating  the  mechanism 
for  the  prebreakdown  conductance  in  the  electrode  gap,  and  developing  the  methods  for  suppressing  prebreakdc»wn 
currents. 

2.  EXPERIMENTAL  SETUP 

Experiments  were?  carried  out  on  a 
diode-type  electron  .accelerator,  which 
is  shown  schematically  in  Fig.  1.  In 
the  vacuum  chamber,  a  plasma  cathode^ 
of  diameter  200  mm  and  length  250 
mm  with  an  emission  plasma  genera¬ 
tor  placed  inside  it  was  mounted  on 
a  bushing  insulator.  Experimentation 
was  performed  with  the  plasma  cath¬ 
ode  switched-on  or  switched-off.  In  the 
former  case,  an  electron  beam  of  pulse 
duration  50  /is  and  current  of  a  few 
amps  was  injected  inlo  the  gap  through 
a  grid  emitter  electrode,  while  in  the  lat¬ 
ter  case,  the  emittei  electrode  was  re¬ 
placed  for  a  solid  disc.  A  pulsed  volt¬ 
age  of  FWHM  duration  1  ms  and  peak 
voltage  controlled  in  a  range  of  100  to 
300  kV  was  applied  to  the  cathode  from 
a  Marx  generator.  Served  as  an  anode 
Fig.  1.  Schematic  of  the  experimental  setup  were  the  vacuum  chamber  and  a  mov¬ 

able  disc  of  diameter  500  mm.  By  mov¬ 
ing  the  disc,  the  gap  spacing  could  be  varied  from  2  to  20  cm.  In  some  tests,  the  disc  was  replaced  for  a  foil  window, 
through  which  the  electron  beam  was  extracted  into  the  air.  The  currents  flowing  in  the  circuits  of  the  vacuum 
chamber  and  disc  anode  were  measured  by  resistive  voltage  dividers  and  Rogowski  coils  and  recorded  by  a  memory 
oscilloscope.  The  vacuum  chamber  was  pumped  out  to  a  pressure  of  Pa  with  the  use  of  a  nitrogen-trap  diffusion 
pump.  The  pressure  in  the  chamber  was  varied  from  10*"^^  to  lO”^  Pa  by  bleeding-in  a  gas  (air,  xenon).  The  pressure 
change  caused  by  the  predischarge  current  flow  in  the  gap  was  measured  by  a  magnetodischarge  manometer  placed 
behind  the  anode  disc,  opposite  to  a  hole  of  diameter  10  mm,  which  was  covered  with  a  grid  or  foil  to  eliminate  the 
influence  of  the  discharge  plasma  on  the  readings  of  the  manometer.  Prior  to  measuring  the  pulsed  pressure  change, 
the  manometer  was  calibrated  by  slowly  varying  the  pressure  in  the  vacuum  chamber. 
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3.  EXPERIMENTAL  RESULTS 


In  a  high  vacuum  with  unconditioned  electrodes,  application  of  a  pulsed  voltage  of  more  than  100  kV  to  the 
electrode  gap  initiates  a  high-voltage  vacuum  discharge  (HVD),  which  is  characterized  by  prebreakdown  currents 
reaching  20  A,  large  (20  to  300  //s)  delay  to  the  onset  of  the  discharge  with  respect  to  the  instant  of  voltage 
application,  and  spontaneous  extinction  of  the  discharge  at  high  voltages^^'^.  In  the  majority  of  cases,  the  HVD 
results  in  a  breakdown  of  the  electrode  gap,  during  which  the  voltage  falls  to  zero  in  less  than  1  //s  and  the  current 
rizes  to  several  kiloamps  (Fig.  2). 


Fig.  2.  Gap  breakdown  pulse  waveform 


Fig.  4.  E-beam  and  HVD  current  waveforms.  1  — 
HVD  current,  2  —  e-beam  and  HVD  current.  Voltage 
=  200  kV;  anode-cathode  distance  —  10  cm. 


Fig.  3.  Waveforms  of  HVD  current  for  a  voltage  of  180 
(i),  190  {2),  200  (5),  210  {4),  220  (^,  230  {6),  and  240 
kV  (?).  Pressure  =  5  x  10“"^  Pa;  anode-cathode 
distance  =  10  cm. 

Increasing  the  voltage  applied  to  the  gap  increases  the 
HVD  current  and  decreases  the  delay  time  to  HVD  (Fig. 
3).  In  prolonged  operation,  the  conditioning  effect  is 
observed,  which  results  in  a  decrease  in  discharge  voltage. 
Thus,  the  current  decreased  two-fold  after  80  pulses  and 
four-fold  after  130  pulses.  However,  at  a  voltage  of  240 
kV  and  pressure  of  10“^  Pa,  the  discharge  could  not  be 
completely  suppressed.  The  HVD  is  strongly  affected 
by  a  change  in  the  pressure  in  the  electrode  gap.  The 
discharge  ceased,  as  the  pressure  was  increased  to  1.5  x 
10“^  Pa.  Meanwhile,  the  discharge  could  be  suppressed 
at  a  smaller  in  pressure,  when  a  heavier  gas  (xenon)  was 
used. 

As  in  the  microdischarges  occuring  at  a  dc  voltage^’®, 
the  main  HVD  current  is  carried  in  the  gap  by  electrons, 
and,  as  shown  in  experiments  with  electron  extraction 
through  a  foil,  the  electron  energy  approximately  corrc^s- 


ponds  to  the  voltage  applied  across  the  gap.  To  elucidate  the  role  played  by  electrons  in  the  initiation  and  operation 
of  a  HVD,  an  electron  beam  was  injected  into  the  gap  from  the  plasma  cathode.  Typical  beam  and  discharge  current 
waveforms  are  presented  in  Fig.  4.  The  injected  beam  current  changes  the  discharge  current  only  slightly,  but 
decreases  the  delay  time  to  discharge  with  respect  to  the  instant  of  voltage  application.  As  noted  in  Ref.  4,  most 
obscure  are  the  reasons  for  the  self-extinction  of  a  HVD  and  the  factors  affecting  this  event,  since  no  electrode  con- 
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Fig.  5.  HVD  current  (i)  and  gap  pressure  (2) 
waveforms 


ditioning  occurs  in  a  single  pulse  and  the  next  pulse 
is  similar  to  the  preceding  one.  The  strong  effect  of  a 
change  in  pressure  on  the  HVD  suggests  that  the  dis¬ 
charge  extinguishing  during  a  pulse  is  also  related  to 
the  increase  in  pressure  in  the  discharge  development. 
Shown  in  Fig.  5  (curve  2)  is  a  pressure  waveform  mea¬ 
sured  by  a  magnetodischarge  manometer.  The  burst  at 
the  early  stage  appears  to  be  caused  by  the  high-energy 
electrons  that  have  found  their  way  into  the  manometer, 
since  it  coinsides  with  the  pulse  recorded  in  a  test  where 
the  manometer  inlet  was  covered  with  a  foil  (curve  J). 
'The  pressure  increases  by  an  order  of  magnitude  and 
equals  to  or  exceeds  the  pressure  at  which  an  HVD  is 
suppressed  at  a  constant  or  slowly  varied  pressure.  Fig¬ 
ure  6  shows  the  parameters  of  an  HVD  onto  the  disc 
electrode  and  vacuum  chamber  as  functions  of  the  dis¬ 
tance  between  the  cathode  and  the  movable  disc  elec¬ 
trode.  These  data  complement  the  experimental  results 
that  provide  for  an  explanation  to  the  effect  of  pressure 
on  the  operation  of  an  HVD. 


Fig.  6.  Disc  anode  (2)  and  vacuum  chamber  (2) 
circuit  current  waveforms  for  a  disc  anode  — 
cathode  distance  of  2.5  (a),  5  (6  ),  and  7.5  cm  (c). 
Voltage  =  200  kV,  pressure  =:  5  x  10“"^  Pa. 


4.  DISCUSSION 


The  experimental  results  obtained  suggest  that  the  ion-exchange  processes^-^  are  the  mechanism  for  the  initiatmn 
of  both  microdischarges  and  a  high-voltage  vacuum  discharge,  despite  the  large  difference  in  current.  On  application 
of  a  pulsed  high  voltage  across  a  gap,  the  HVD  current  is  the  sum  of  the  current  of  microdischarges  occurring  in  the 
main  at  dielectric  inclusions  and  contaminated  regions  of  the  electrodes.  The  current  increases  exponentially  a.i  d, 
as  shown  in  Ref,  2,  can  be  described  by  the  expression 

I,  =  (i±A±^exp[(i/r-  l/2)ln(yl5)] 
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where  A  is  the  number  of  negative  ions  knocked  from  the  cathode  by  a  positive  ion,  B  is  the  number  of  positive  ions 
knocked  from  the  anode  by  a  negative  ion,  C  is  the  number  of  electrons  knocked  from  the  cathode  by  a  positive  'on, 
e  is  the  electron  charge,  T  is  the  time  required  for  an  ion  to  doubly  cross  the  gap,  t  is  the  current  time.  Calculations 
have  also  shown  that  the  discharge  fails  to  develop,  if  the  coefficient  AB  is  less  than  unity. 

The  discharge  self-extinction  can  also  be  associated  with  the  disruption  of  the  ion-ion  exchange  between  the 
electrodes  as  a  result  of  the  scattering  of  ions  on  the  gas  molecules  in  the  gap.  Our  calculations  show  that  at  the 
pressures  over  10“^  Pa,  at  which  the  discharge  is  suppres,sed,  the  ion  range  becomes  shorter  than  the  gap  spacing, 
therefore  the  ion  scattering  is  a  rather  probable  process.  The  increase  in  pressure  in  the  passage  of  the  discharge 
current  is  the  result  of  gas  desorption  occurring  in  the  interaction  of  electrons  with  the  anode.  The  desorption 
coefficient  (the  number  of  molecules  knocked  from  the  anode  by  one  electron)  may  be,  under  certain  conditions^, 
greater  than  10. 

Based  on  the  mechanism  discussed,  the  more  rapid  extinction  of  the  discharge  in  the  cathode  -  disc  electrode  gap 
can  also  be  explained  (Fig.  6).  As  the  flV'D  operates,  electrons  bombard  mainly  the  disc  anode,  and  the  pressure 
increases  first  in  this  gap.  This  is  just  the  reason  wliy  the  discharge  ceases  more  rapidly  in  this  gap  than  between 
the  cathode  and  the  vacuum  chamber  wall. 
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ABSTRACT 

In  nanosecond  vacuum  arc  discharges,  the  size  of  cathode  plasmas  has  been  found  to  have  the  order 
of  10  pm.  This  outcome  has  decisive  consequences  for  particle  density,  current  density,  time  constants, 
and  radiation  properties.  The  present  paper  explores  the  question  whether  there  occur  principal  changes 
in  longer  discharges.  Experimental  methods  were:  imaging  the  spots  of  ps-discharges  by  absorption  and 
emission  techniques,  and  monitoring  the  shape  of  spectral  lines  in  the  range  of  nanoseconds  through 
milliseconds.  It  has  been  found  that  in  the  light  of  atomic  or  ionic  lines  the  diameter  of  emission  pictures 
have  the  order  of  100  pm,  irrespective  of  the  discharge  duration  in  the  range  10  ns  through  100  ps. 
Pictures  obtained  by  differential  laser  absorption^  in  the  time  range  100  ns  through  50  ps  yielded  a  size 
<30  pm.  Time-integrated  analysis  of  emitted  spectral  lines  yielded  broadened  profiles  for  discharges  of 
800  ns  duration  with  a  FWHM  (full  width  at  half  maximum)  up  to  0.5  nm.  This  indicates  the  effect  of 
high  densities  and  magnetic  fields,  possible  only  with  small  spots.  The  same  has  been  found  for 
discharge  durations  up  to  100  ms.  Thus,  it  is  suggested  that  the  spot  size  remains  small  up  to  discharge 
durations  of  milliseconds.  This  outcome  is  associated  with  a  principal  non-stationary  spot  nature. 

1.  EVTRODUCTION 

Parameters  of  cathode  spot  plasmas  are  controversial  since  decades,  mainly  because  it  is  difficult  to 
measure  their  exact  size.  TTiere  exist  two  different  conceptions:  (i)  interpreting  the  spot  as  a  quasi¬ 
stationary  phenomenon^  with  a  diameter  >100  pm,  time  constants  >1  ps,  plasma  densities  <10^"*  m‘^,  and 
current  densities  <10*®  A/m^,  and  (ii)  interpreting  the  spot  as  a  quasi-explosive  phenomenon^  with  a 
diameter  «100  pm,  time  constants  <100  ns,  plasma  densities  »10^'*  m'^,  and  current  densities  »10*®  A/m^. 
A  decision  between  these  conceptions  can  be  made  when  determining  the  size  of  the  spot  plasma. 

In  recent  experiments*  spot  imaging  by  laser  absorption  resulted  in  plasma  diameters  «10  pm, 
particle  densities  >5x10^®  m"^,  and  time  constants  <10  ns,  thus  favouring  conception  (ii).  These 
measurements  were  performed  for  times  <lps,  so  the  question  arises  whether  there  is  a  transition  to  case 
(i)  for  longer  discharges.  This  might  be  possible  when  the  cathode  becomes  hot,  but  when  the  cathode 
as  a  whole  remains  cold,  the  rapid  spot  movement  could  preserve  the  basic  parameters  found  in  the  ns- 
region.  The  present  paper  examines  this  question  by  several  experimental  methods.  The  most  simple  of 
them  is  photographing  the  spots.  However,  as  shown  in  refs.'*'®,  even  with  very  high  time  resolution  this 
method  yields  too  large  dimensions  when  using  the  light  from  excited  atoms  and  ions  (instead  of  the 
continuum),  because  before  radiation  the  excited  particles  fly  20-100  pm  due  to  the  limited  transition 
probability  and  the  high  expansion  velocity  of  the  plasma.  The  second  method  is  the  absorption 
technique  developed  in  ref.*.  Because  it  is  possible  only  when  the  spots  appear  at  the  contour  of  the 
cathode,  the  spot  motion  renders  it  increasingly  difficult  for  longer  discharges.  The  third  method  is  based 
on  the  idea  that  the  quoted  spot  parameters  for  case  (ii)  should  markedly  influence  the  profile  of  emitted 
spectral  lines.  While  in  general  the  conditions  are  too  complicated  for  quantitative  evaluation,  a  transition 
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of  the  spot  regime  from  case  (ii)  to  case  (i)  should  cause  changes  of  the  line  profiles  that  are  sufficient 
for  qualitative  conclusions. 


2.  EXPERIMENTAL  SETUPS 

Vapor-free  vacuum  systems  were  used  with  a  base  pressure  <10'^  Pa.  The  electrodes  consisted  of 
copper  or  titanium.  They  formed  a  point-to-plane  gap,  the  anode  being  a  cylinder  of  10  mm  diameter. 
The  cathode  diameter  was  0.3  mm  for  discharges  <100  ps,  and  1  mm  for  longer  discharges.  Due  to 
numerous  arcs,  the  cathode  surface  was  thoroughly  cleaned.  Figure  1  shows  the  experimental  systems: 
The  current  pulse  was  produced  by  discharging  a  charged  coaxial  cable  CCC,  which  for  discharges  >1 
ps  was  backed  by  a  capacitor  bank  C  and  connected  to  the  discharge  gap  via  a  limiting  resistor  R2. 
When  using  the  capacitor  bank  C  the  pulse  length  was  limited  by  a  short-circuiting  switch  SCS.  The 
whole  system  was  matched  to  an  impedance  of  50  For  discharges  <100  ps  the  cable  mantle  was 
charged  instead  of  the  inner  conductor.  The  advantage  is  that  the  input  of  the  inner  conductor  could  be 
grounded  via  the  resistor  Rl=50  Q.  so  that  pulses  partially  reflected  at  the  electrodes  could  not  be 
reflected  again  at  the  input.  This  is  especially  important  when  the  whole  discharge  was  registered  in  an 
open  shutter  mode.  When  the  spark  gap  SG  was  fired,  a  pulse  appeared  at  the  inner  conductor  with  the 
opposite  polarity  of  the  charging  voltage  U  and  a  rising  edge  of  <5  ns.  The  current  was  measured  by  a 
low  inductivity  shunt  SH.  It  was  varied  in  the  range  30  -  150  A  for  discharges  <100  ps,  and  5-350  A  for 
the  longer  discharges.  The  arc  was  ignited  at  the  closest  distance  to  the  anode  by  a  breakdown  (for  short 
discharges)  or  by  an  additional  trigger  electrode  (for  long  discharges,  not  shown  in  Figure  1).  Due  to  the 
magnetic  field  of  the  current  flow  in  the  cathode,  for  times  >1  ps  the  spots  were  driven  out  of  the  gap 
and  moved  away  from  the  anode  along  the  circumferential  surface  of  the  cathode  cylinder. 

Three  optical  systems  were  used: 

1.  Imaging  by  laser  absorption  (Figure  1,  system  1).  At  a  preselected  time  during  the  discharge  the  gap 
was  homogeneously  illuminated  by  a  laser  beam  LB.  In  the  light  of  this  beam  (tuned  to  a  desired 
wavelength  with  an  accuracy  of  10  pm)  the  spot  plasma  produced  absorption  structures  that  were 
registered  via  a  magnifying  optic  MO  by  a  CCD-camera  and  digitally  processed.  The  duration  of  the 
laser  pulse  was  0.4  ns  (=time  resolution  of  the  exposure),  the  spatial  resolution  was  about  3  pm.  For  the 
light  emitted  by  the  spot  itself,  the  CCD-camera  operated  in  an  open  shutter  mode.  This  light  was 
reduced  by  metal  interference  filters  MIF  with  a  FWHM  of  6-9  nm,  matched  to  the  selected  wavelength 
of  the  laser  pulse.  To  reduce  optical  disturbances,  a  reference  picture  was  taken  without  discharge,  and 
the  discharge  picture  was  suWacted  from  this  reference.  The  resulting  pictures  show  absorption 
stractures  as  bright  areas,  and  emission  structures  as  dark  areas.  More  details  can  be  found  in  ref.^  In 
spite  of  the  open  shutter  mode  for  the  emission  structures,  the  spot  movement  allowed  a  certain  time 
resolution  of  about  1  ps.  The  spectral  resolution  of  the  emission  pictures  was  given  by  the  metal 
interference  filter. 

2.  Time  resolved  emission  pictures  by  using  a  Hamamatsu-streak  camera  (Figure  1,  system  2).  The  time 
resolution  amounted  to  2  ns,  the  spectral  resolution  was  6-9  nm  (as  in  case  1),  and  the  spatial  resolution 
was  about  10  pm.  The  main  results  obtained  with  this  method  are  reported  in  refs.^’^'  Here  it  was  used 
to  test  whether  the  time  resolution  by  the  spot  motion  (case  1)  was  sufficient. 

3.  Time  and  spatially  integrated  measurement  of  line  profiles  (Figure  1,  system  3).  The  emitted  light  was 
focused  by  the  optic  FO  onto  the  entrance  slit  of  a  spectrograph  SP  having  a  spectral  resolution  of  about 
0.1  nm.  For  short  discharges  many  exposures  have  been  superimposed.  For  some  exposures  a  polarization 
filter  PF  has  been  used. 
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3.  EXPERIMENTAL  RESULTS 


Figure  2  shows  a  combined  picture  of  absorption  structures  (at  the  contour,  bright)  and  emission 
structures  (in  the  middle,  dark)  caused  by  an  arc  of  80  A  at  a  titanium  cathode  of  0.3  mm  diameter.  The 
discharge  duration  was  100  ps,  the  laser  for  production  of  the  absorption  image  was  fired  at  t=52  ps.  The 
laser  was  tuned  to  the  Ti-resonance  line  at  501.418  nm,  the  used  filter  was  centered  at  497  nm.  The  latter 
means  that  the  emission  image  was  mainly  produced  by  five  Ti  I  -  lines  at  498.173,  499.107,  499.951, 
500.721,  and  501.418  nm,  having  transition  probabilities  (ref.^)  of  about  7.6x10^,  6.9x10^,  7.1x10^,  and 
8x10^  s'\  respectively.  The  emission  images  were  always  broad  as  in  Figure  2,  having  diameters  around 
100  pm  and  extending  50-100  pm  beyond  the  cathode  contour.  In  contrast  to  this  outcome,  the  diameter 
of  the  absorption  structures  was  <30  pm  in  spite  of  the  used  resonance  line.  A  more  exact  study  of  the 
size  of  emission  images  was  performed  with  the  optical  system  2  according  to  Figure  1.  The  results, 
presented  in  detail  in  ref.^,  showed  no  systematic  change  of  the  size  when  varying  the  time  from  10  ns 
to  100  ps.  Thus,  their  large  size  is  not  due  to  the  spot  movement.  As  Figure  2  indicates,  no  pronounced 
change  was  found  also  for  the  size  of  absorption  images  in  the  studied  time  range  of  100  ns  to  50  ps. 

As  expected,  the  profiles  of  some  spectral  lines  (system  3  in  Figure  1)  were  broadened.  For  titanium 
with  pulses  of  800  ns  at  100  A  and  superimposition  of  several  thousand  shots,  FWHM -values  up  to  0.5 
nm  have  been  obtained.  This  is  shown  in  Figure  3.  The  use  of  polarization  filters  reduced  the  width  of 
the  profiles  (Figure  3b).  For  example,  the  FWHM  of  the  Ti  1  line  at  499.107  nm  amounted  to  0.46  nm, 
while  a  polarization  filter  reduced  this  value  to  0.27  nm.  A  similar  result  was  obtained  with  copper  in 
discharges  of  1-100  ms  duration.  Polarization  effects  have  been  found  as  well,  and  also  some  influence 
of  the  current,  as  shown  in  Table  1.  Since  the  spectmm  contained  also  lines  with  a  width  of  about  0.1 
nm,  we  can  exclude  trivial  errors  (as  e.g.  instabilities  of  the  optical  system).  Interference  by  neighbouring 
lines  might  contribute  in  some  cases,  but  it  cannot  explain  the  effect  as  a  whole  (in  particular  the 
influence  of  polarization  filters). 

Table  1:  Observed  FWHM  AX  for  Cu  I  Lines  (in  nm)  in  Dependence  on  the  Total  Cnrrent  for 
Millisecond  Arcing  Times 


CURRENT 

(A) 

TIME 

(ms) 

WAVE  LENGTH  X  (nm) 

515.323 

521.820 

529.252 

no  PF 

with  PF 

no  PF 

with  PF 

no  PF 

with  PF 

5 

0.1 

0.3 

0.24 

0.3 

0.28 

0.36 

0.3 

10 

1 

0.35 

0.32 

0.49 

40 

10 

0.38 

0.34 

0.42 

0.30 

0.80 

0.52 

180 

25 

0.54 

0.36 

0.84 

0.36 

0.75 

350 

40 

0.60 

0.30 

0.84 

0.30 

0.40 

PF  -  polarization  filter  oriented  such  as  to  obtain  maximum  reduction  of  FWHM. 
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4.  DISCUSSION 


According  to  section  3,  absorption  pictures  at  50  ps  indicate  small  diameters  of  the  spot  plasma  like 
in  the  case  of  times  <1  ps,  reported  in  refA  Emission  pictures  do  not  show  principal  changes  in  the  time 
span  10  ns  -  100  ps,  although  they  are  larger  than  the  former  because  of  the  unavoidable  time  of  flight 
effect  of  excited  particles.  If  one  accepts  the  conclusions  from  ref.^  on  high  densities  in  nanosecond 
discharges,  broad  emission  pictures  obtained  in  microsecond  discharges  do  not  constitute  an  objection, 
because  they  are  broad  already  at  a  few  nanoseconds.  So  we  do  not  find  a  transition  of  the  spot  operation 
when  going  from  nanoseconds  to  microseconds. 

Data  on  a  millisecond  time  scale  are  difficult  to  obtain  by  the  imaging  techniques  because  of  the 
complication  by  the  spot  motion.  For  these  times,  however,  qualitative  information  is  possible  from  the 
gross  behavior  of  line  radiation.  According  to  table  1  we  found  for  some  lines  broadening  of  AX/X^IO'^. 
Even  if  most  line  radiation  stems  from  outside  the  spot  core  at  distances  r=20-50  pm  (ref.^),  it  should  be 
influenced  by  the  densities  of  particles  and  current.  According  to  refJ  at  r=50  pm,  1=50  A  (arc  current), 
for  copper  the  particle  density  amounts  to  about  2x10^^  m'^.  This  should  lead  to  considerable  pressure 
broadening  (Stark  effect)  near  the  observed  values  of  AX/X.  However,  also  splitting  of  the  lines  due  to 
the  self-magnetic  fields  of  the  spots  should  contribute  (Zeeman  effect)  as  demonstrated  in  ref.^.  This  is 
evident  from  the  influence  of  polarization  filters  on  AX/X  (Table  1).  Because  of  the  limited  resolution  of 
our  spectrograph,  Zeeman  splitting  will  appear  as  line  broadening.  It  will  slower  decrease  with  increasing 
distance  r  from  the  spot  center  than  the  Stark  effect,  because  the  magnetic  field  varies  as  r*  whereas  the 
pressure  decreases  with  r^.  To  obtain  AX/X>10^  we  need  magnetic  fields  >1  T,  thus  current  densities 
>10  A/m^.  According  to  Table  1,  AX/X  reacts  on  the  arc  current  only  when  registered  without 

polarization  filter.  In  this  case,  the  increase  with  current  can  be  due  to  superimposition  of  the  spot  field 
with  the  fields  of  neighbouring  spots  the  number  of  which  grows  with  the  current.  The  enhanced 
magnetic  field  will  then  influence  the  magnetized  components  of  the  lines.  The  absolute  value  of  the 
observed  broadening  can  be  explained  only  by  a  combination  of  Stark  effect  and  Zeeman  effect.  Other 
mechanisms  as  e.g.  Doppler  broadening  by  the  plasma  expansion  can  be  neglected  (AX/X<10‘'‘). 

Since  line  broadening  was  found  with  discharges  of  800  ns  duration  as  well  as  with  millisecond 
duration,  a  change  of  spot  mechanisms  seems  to  be  absent  in  this  time  range.  Spot  imaging  allows  the 
same  conclusion  for  the  range  10  ns  -  100  ps.  Thus,  the  quasi-explosive  spot  mechanism  is  important  not 
only  for  nanosecond  discharges. 
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Fig.  1:  Experimental  setups.  1)  Absorption  and  Emission  Pictures,  2)  Time-resolved  Emission  Pictures, 
3)  Time  and  Spatially  Integrated  Profiles  of  Spectral  Lines. 

Rl,  R2  -  resistors,  C  -  capacitor  bank,  CCC  -  charged  coaxial  cable,  U  -  charging  voltage,  SG  - 
pressurized  spark  gap,  SCS  -  short-circuiting  switch,  VAG  -  vacuum  arc  gap,  SH  -  shunt,  LB  -  laser 
beam,  MO  -  magnifying  optic,  FO  -  focusing  optic,  MIF  -  metal  interference  filter,  PF  -polarization  filter, 
CCD  -  camera,  SC  -streak  camera,  SP  -  spectrograph. 


74/SPIEVoI.  2259 


Fig.  2:  Absorption  and  emission  images  of  a  Ti-  arc  of  80  A  with  100  ps  duration  (setup  1  according  to 
Figure  1).  Two  absorption  structures  at  the  upper  contour  of  the  cathode  cylinder  can  be  seen  (bright), 
and  broad  emission  structures  extending  beyond  the  contour  of  the  cathode  (black,  due  to  inverted 
presentation).  The  imaging  laser  was  tuned  to  the  resonance  line  Ti  1  at  501.418  nm  and  fired  at  t=52  ps. 
The  metal  interference  filter  MIF  was  centered  at  497  nm.  While  the  absorption  structures  were  taken 
with  0.4  ns  exposure  time,  the  emission  structures  were  taken  in  an  open  shutter  mode. 


499.17  nm  499.11  nm 


Fig.  3:  Broadened  Ti  I  lines  obtained  by  superimposing  of  several  1000  shots  with  800  ns  duration  and 
100  A  current,  a  -  without  polarization  filter,  b  -  with  polarization  filter. 
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ABSTRACT 

The  influence  of  the  Buneman  instability  on  the  parameters  of  a  current  carrying  plasma  is  investigated.  By  using  the 
quasi-linear  approximation  the  analytical  expressions  which  connect  the  plasma  parameter  changes  and  the  turbulent 
electrical  conductivity  with  the  energy  of  the  unstable  electrostatic  field  fluctuations  were  obtained.  The  latter  is  expressed  by 
the  plasma  supercriticality.  The  experimental  data  of  the  arc  discharge  in  an  extended  gap  are  analyzed.  It  is  shown  that  the 
changes  of  the  electron  temperature  and  potential  drop  can  be  explained  by  this  instability, 

1.  INTRODUCTION 

The  efficient  use  of  the  arc  discharge  in  technological  applications  depends  on  arc  plasma  jet  parameters  such  as 
temperature  and  density.  The  latter  can  be  changed  if  unstable  fluctuations  develop  in  the  plasma.  In  particular,  in  discharges 
with  a  long  interelectrode  gap,  the  expanding  plasma  jet  has  a  region  where  collisions  between  the  particles  are  rare  and  the 
electrons  have  a  sufficiently  large  drift  velocity  for  existing  unstable  plasma  perturbations.  Aksenov  et.  al  used  the 
Buneman  instability^  to  explain  the  large  kinetic  energy  and  wide  energy  spectrum  of  the  ions  which  were  measured  in  the 
vacuum  arc  discharge.  During  this  instability,  which  is  realized  when  the  current  exceeded  a  critical  value,  the  electrostatic 
field  perturbations  increase  exponentially.  In  this  paper  a  consistent  theoretical  analysis  of  the  excitation  conditions  for  the 
Bunemam  instability  and  its  influence  on  the  plasma  jet  parameters  will  be  presented.  The  theoretical  results  will  then  be 
compared  with  experimental  data^ 

2.  LINEAR  THEORY  OF  THE  BUNEMAN  INSTABYLITY  OF  A  CURRENT-CARRYING  PLASMA 

Let  us  consider  the  region  of  a  vacuum  arc  plasma  jet,  where  the  plasma  has  expanded  so  much  that  the  electron  mean 
free  path  is  greater  than  the  region  size  and  collisions  between  particles  can  be  neglected.  The  potential  drop  in  this  region  is 
small  because  the  resistivity  is  so  small,  and  we  shall  neglect  it  for  simplicity.  The  electron  drift  velocity  relative  to  the  ions 
will  be  considered  a  constant.  In  this  region  the  plasma  is  the  homogeneous,  isotropic  and  fully  ionized  and  the  distribution 
functions  of  the  electrons  and  ions  are  Maxwellian: 


/a- 


net 


rexp[ 


(V-U  a)^ 


{42%  Va)“ 

where  n^,,  Ur/, 


-] 


(1) 


density,  drift  velocity,  thermal  velocity,  temperature,  and  mass, 
respectively,  of  the  a-component  plasma  particles,  with  a=  e,  i  representing  electrons  and  ions  respectively.  Usually,  there 


are  ions  with  different  charge  states  in  the  plasma  jet.  For  simplicity  we  shall  consider  them  as  a  single  component  having 
averaged  parameters. 

We  want  investigate  the  stability  of  this  current-carrying  plasma  state  with  respect  to  perturbations  in  which  both  the 
electrons  and  ions  take  part.  Because  their  velocity  is  much  less  than  the  light  velocity,  we  can  consider  the  electric  field  of 
these  perturbations  as  electrostatic  and  neglect  their  magnetic  field. 

To  describe  the  dynamics  of  the  perturbations  we  use  the  Boltzman- Vlasov  kinetic  equations: 


dfa  Ba  dfa 

vV/a  +  - E 

d\ 


0 


(2) 


m  a 


dt 

and  Poisson's  equation: 

div  E 

where  e^^  is  the  particle  charge  and  E  is  the  electric  field.  For  infinitesimal  perturbations  Eq.  (2)  can  be  considered  in  the 
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linear  approximation.  Distinguishing  the  equilibrium  stationary  values  (subscript  "o")  and  perturbations  (subscript  "1")  and 
expending  the  perturbations  in  a  Fourier  series  over  the  plane  waves: 


foa(r,y,t)  =  +  =  -E^kg-^w^  +  ^kr+c.c.  (4) 

^  k  2  jj. 

where  ©  and  k  are  the  wave  frequency  and  wave  vector,  taking  into  account  the  condition  of  the  quasi-neutrality 
^‘5®-  (1)'(4)  we  obtain  that  E|jj?iO  only  if  the  following  condition  is  satisfied^: 


l-by8a((O,k)  =  0,  ea((D,k)  =  t— = 

a  Eo  CO  ^  E)a 

Here  by  definition  S(x(©,  k)  and  aQj(©,  k)  are  the  contributions  of  the  a-species  to  the 

respectively,  Debye  length,  and: 


(5) 

permittivity  and  conductivity. 


*^(4  “)  =  “4  “  '  ^(i  ,1^  -  /exp(T2/2)d'r)  =  aW  a  /  sfl) ,  ^a  =  - — — 

V  ^  Q  \  Z  kVa 

where  the  function  W(^)  is  the  tabulated  probability  integral  on  a  complex  argument . 

The  function  J(^)  may  be  approximated  by  the  asymptotic  series: 


•'(O  =  1  +  |5|>>  1 

%  I  \  2  (7) 

Equation  (5)  is  the  plasma  dispersion  relation.  It  determine  the  spectrum  co  =co  (k)  of  the  plasma  waves  as  a  function 
of  the  wave  number  k  and  the  plasma  equilibrium  parameters.  In  the  general  case  the  frequencies  determined  from  Eq.  (5) 
are  complex  cd  =co  j^+iy  The  sign  of  yj^  determine  the  wave  stability  because  E~Ej^eYj^^. 

Let  us  consider  on  the  basis  of  Eq.  (5)  the  Buneman  instability  in  a  current-carrying  plasma.  This  instability  is  an 
example  of  a  wave  instability  with  "negative"  energy^.  It  is  so  named  because  the  plasma  energy  with  this  wave  is  less  than 
without  it.  This  is  possible  only  in  a  non-equilibrium  plasma.  The  said  wave  amplitude  increases  when  its  energy  decreases, 
due  to  dissipation  or  interaction  with  a  positive  energy  wave.  In  the  problem  examined  here,  the  plasma  is  non-equilibrium 
owing  to  the  electrical  current,  and  the  negative  energy  waves  is  the  space  charge  slow  waves  in  the  electron  flow.  For  these 
waves  \^q\»\  in  Eq.  (5).  However  two  cases  can  be  distinguished  depending  on  the  value  of  and  will  be  analyzed  in  the 
following  paragraphs. 

Kinetic  Case 

We  define  the  kinetic  case  by  |^il<l,  and  then  Eq.  (5)  has  the  form: 


1-- 


(Q-kuy 
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(Q-ku)' 
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kVe 


exp(- 


(Q-ku)\  Q 


2k\.^ 


(8) 


where;  Ci  =  (O  —  ku  i,  u  =  Ue  —  Ui,  COa  =  (•— - 

Bom  a 

In  this  equation  the  left  side  describes  a  space  charge  wave  in  the  electron  flow  and  quasi-static  ion  perturbations, 
while  the  right  side  describes  a  resonance  interaction  between  waves  and  particles.  For  slow  electron  waves  Q«ku  and 

Q  »  ku-C0e(l-|-|^) 

u 
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To  solve  Eq.(8)  we  put:  Q  =  Q/c  +  yk  «  Qjc  «  ku , 


U>Ve  and  then  obtain  that  the  growth  rate  is: 


jk  n  Qk  ^ 
A:v,  "  V8 

where  Qj^  satisfies  the  equation: 


T,  u  -4 
ZTe  Ne 


l__^(l  +  3Z^)  +  ^_(l__^)  =  0  (10) 

{ku)  u  k  Di  k  Vi 

From  Eq.  (9)  one  can  see  that  in  this  case  the  cause  of  the  instability  is  the  resonance  interaction  between  the  waves  and  ions 
(Landau  damping).  The  minimal  value  of  relative  electron  drift  velocity  u=Uo  which  corresponds  to  the  plasma  stability 
threshold  (y=0)  is  determined  from  the  conditions^ 

^7  1-11^  ZTe  Uo 

Qk.  =  koVi,  rjexp - ^  = - ,  r|  =  —  (ii) 

2  Ti  Ve 

From  Eq.  (10),  we  obtain  for  the  critical  value  of  the  wave  number  k=ko, corresponding  to  maximal  value  of  the  growth  rate 

Yk: 


(i^)  =1  +  3^ 

Thus,  near  the  stability  threshold  the  instability  growth  rate  is: 


yk  —  y  max(l - ), 

u 


y  max  =  C0/(T|  —  — )- / - — 

^  '  T]  \ZTe 


Here  the  factor  qQ=l-Uo/u  defines  the  plasma  supercriticality.  The  plasma  is  unstable  if  qo^O. 

Hydrodynamic  Case 

Far  away  from  the  stability  threshold  (or  if  ZTg>Tj)  Landau  damping  is  unessential  and  the  instability  develops  in  a 
hydrodynamic  regime  for  which  |^el»l  and  |^il»l  and  the  dispersion  relation  takes  the  form: 


(Q  “  ku)^ 


(1  +  3 


7  2  2 
k  \e 


(Q-knY'  Q 


)-4(l  +  3- 


In  this  equation  the  last  term  describes  the  ion  plasma  oscillations  Q«o)j,  which  have  a  positive  energy.  In  this  case  the 
instability  growth  rate  has  a  maximum  under  the  same  condition  (12)  and  Eq.  (14)  takes  the  form: 


(— )  (1  +  6^)  =  -— (l  +  3^  +  3^^' 

(Oe  u  2m  i  u  Qk. 

The  unstable  solution  of  this  equation  is: 


„  „  G>e  Zme  Ve^  .2mi  Vi^ ,  .  ^  JT)  Zme''^  Uo^ 

ReQ*„  =  — (^)  [1 - T  +  {-—)  —I  yk.  =  \mQk.  =  (iie—{-—)  [1 - ^ 

2  2mi  u  Zme  u  2  2mi  u 


^  2/3 

2  _  2  _L  /  \  2 

Wo  -  Ve  +  ( - )  V/ 

Zme 

The  instability  develops  when  u>Uo.  However  the  condition  |^il»l  or  Qj^Q»kQVj  is  satisfied  only  if  u»Uq,  i.e.  far 
away  from  the  stability  threshold,  when  the  supercriticality  q=l-UQ^/u^=l.  Thus,  the  excitation  conditions  and  the  stability 
threshold  of  the  Buneman  instability  are  determined  by  the  kinetic  regime.  Far  away  from  the  stability  threshold  the 
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instability  development  is  determined  by  the  hydrodynamic  regime,  where  the  thermal  motion  of  the  particles  is  not  essential 
for  the  development  of  the  instability. 

3.  INFLUENCE  OF  THE  UNSTABLE  OSCILLATIONS  ON  THE  PLASMA  PARAMETERS. 

To  investigate  the  plasma  parameter  changes  caused  by  these  unstable  oscillations  let  us  average  the  kinetic 
equation  (2)  over  a  length  much  greater  than  a  wave  length.  We  obtain: 


M  =  (16) 

dt  THa  5  V 

where  the  overbar  represents  the  average  value.  Multiplying  Eq.  (16)  consecutively  on  1,  v,  and  v^  and  integrating  over  the 
velocity  we  obtain  the  equations  expressing  conservation  of  particles,  momentum,  and  energy; 


dria  .  dua  Ca  - ;=  HaMa  dua  T — 

—  (jj  - — - WiaLl, - =  jiaJi/1 

dt  dt  maria  2  dt 


(17) 


From  the  first  equation  one  can  see  that  the  mean  density  of  the  plasma  components  are  constant.  By  using  for  perturbations 
the  Fourier  series  such  as  (4)  and  relations,  which  follows  from  linear  approximation: 


riav.  =  kjiak  /(o,  iajc  =  aa(k,co)Ek 
we  transform  Eq.  (23)  to  the  form: 


moTla 


5Ua 


ReV - Gak 

2(d 


(18) 


_  u  I  CO 

where  the  temperature  is  defined  as  Ta  =m(^(U^Q^  "^a^)  ^ak  electrical  conductivity  of  the  a-component  of  the 

plasma.  We  see  that  the  plasma  parameter  changes  are  determined  by  the  electrical  field  energy  of  the  perturbations,  for 
which  from  the  current  continuity  equation  5E|/dt  +  Zj  i(x/eo^^  obtain: 


d  |Ek|' 
d  t 


5]Reaak|£k|'  =2Yk|£k|' 


where  to  obtain  the  last  equality  we  used  the  relations  following  from  the  dispersion  equation  (5): 


(19) 


Re^cjak/(8oco)  =0,  Re]^aak/8o  =  - Y  k  (20) 

a  a 

By  using  Eqs.  (20)  and  from  Eqs.  (18)-(19)  we  obtain  the  conservation  laws  for  the  momentum  and  energy  of  the  particles 
and  waves: 

En^^m^^Uf^^const,  H3n(^T(^/2  +  nQ^m(^U(^^/2)  +  8qZ|Ej^P/4  =  const  (21) 


From  the  first  Eq.  (21)  we  see  that  the  ion  drift  velocity  changes  caused  by  perturbations  are  much  less  than  the  value  of  the 
electron  drift  velocity: 

Ui(t)  -  Uj(0)  =AUj=  -  m^Aug/mj  «  Au^  (22) 

Taking  into  account  Eqs.  (20)  and  (22)  we  can  represent  the  first  Eq.  (18)  in  a  form  du/dt  =  -v^ff  u,  where  the  effective 
electron  collision  frequency  is  given  by: 


Zku  „  CTek  E\i  ^ 

—  Re - 1 - (23) 

k  2  CO  meVleU 

Because  from  (19)  it  follows  that  |Ej^p-e^7j^^  then  at  t>l/Yjy^ax  terms  on  the  right  sides  of  Eqs.  (18)  and  (23)  have 

k=kQ  corresponding  to  y(kQ,  u)=Yj^^ax*  Therefore  in  the  pre-exponential  expressions  we  can  set  k=kQ.  Then  these  expressions 
can  be  represented  in  the  form: 
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Re(l  -  koUa  /  0 )aa ko/Eo  =  y  koBa 


(24) 


R0  (5a  ko  /  8o0  —  — Y  ko  Aa!  ku, 


It  follows  from  Eq.  (24)  that: 

Ai=-Ae,  Bi+Be=Ae-l  (25) 

By  using  (19)  and  (24)  we  can  integrate  Eq.  (18).  Considering  that  the  initial  oscillation  energy  is  infinitesimally  small,  we 

obtain; 


Awa  =  Ua.{t)  -  Ma(0)  = 


AnamaU 


AT,  =  T,(l)  -  r«(0)  =  S-X 


|a|’ 


So 


2na 


And  for  the  effective  collision  frequency  we  have: 


(26) 


(27) 


V  eff  —  Y  max  A  e  ^  (28) 

k  2  m  en  u 

From  (5)  and  (7)  we  obtain  for  the  Buneman  instability: 

Ae  =  2,  Be  =  l-QkJ(ku),  Ai  =  -2,  5,  =  Qi„/(ku)  (29) 

From  Eqs.  (26)  and  (27)  it  follows  ATi/ATga  Qko/ku  «  vj/u  «1,  i.e.  the  electron  heating  is  much  greater  than  the  ion 
heating.  Because  Ae>0,  from  Eqs.  (21)  and  (29)  it  follows  that  electrons  are  decelerated  and  ions  are  accelerated  by  the 
unstable  electric  field  fluctuations,  and  Aug»Aui.  Further,  from  (27)-(29),  we  have  that: 

Z3notV2  =  eo2:|EkP/4 

Thus,  during  the  Buneman  instability  only  a  small  part  of  the  electron  flow  energy  is  expended  on  heating  and  acceleration  of 
the  ions.  Half  of  the  principal  part  of  the  energy  loss  by  the  electron  flow  goes  into  the  perturbations  of  the  electrostatic  field 
and  half  goes  to  electron  heating. 

To  determine  the  electrostatic  energy  of  the  oscillations  in  the  nonlinear  stationary  state  of  the  plasma,  we  assume  that 
the  electron  drift  velocity  will  be  decreased  until  it  reaches  the  plasma  stability  threshold,  which  changes  because  of  electron 
heating.  At  this  state  the  plasma  supercriticality  qg  will  be  equal  zero,  the  growth  rate  rks'Tmaxfts""®’  (2^)> 

|Ek|2=|Eks|2=const.  So,  if  the  initial  value  q=I-Uo/u=qo>0  and  in  the  stationary  state  q5=0,  i.e.  Ug=Uos,  then  putting 
Ug=u+Au,  and  UQg=UQ+AUo,  we  obtain: 


Auo  Au  Au  1  5  Mo  .  _ 

q„  = - = - +  ^-^ATa.  (30) 

U  U  U  ^  U  O  la 

where  we  take  into  account  that  Uq=Uq(T(^). 

From  Eq.  (30)  one  see  that  if  Au,  Auq«u  then  it  is  necessary  that  qQ«l-  From  Eqs.(26),  (27),  (30)  it  follows  that  the 
oscillation  electrostatic  energy  may  be  determined  from: 


^  u  d  nieU^  ^ 

qo  =  (Ae^X^- - 

“  Uo  O  la  k 

Substituting  (29)  into  Eq.  (3 1)  we  obtain: 


i£..i 


So 


'  ^  An  meu^ 
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ks  _ _ 2go _ 

k  IriemeU  2  +  ri  — (1--= — ) 

*  '  «o  '  kou 

and  from  Eq.  (28)  for  the  effective  collision  frequency; 


(32) 
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(33) 
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We  notice  that  near  the  stability  threshold  the  Buneman  instability  cannot  provide  the  essential  acceleration  and 
heating  of  the  ions.  In  so  far  as  the  hydrodynamics  regime  is  concerned,  there  are  some  results  in  the  literature^,  v^hich  point 
out  that  it  is  possible. 


4.  COMPARISON  WITH  EXPERIMENTAL  RESULTS 

Let  us  compare  the  theoretical  results  with  the  experimental  data^.  In  this  work  the  vacuum  arc  plasma  jet  parameters 
are  measured  in  a  discharge  with  a  Ti  cathode  and  an  interelectrode  length  of  50  cm.  The  discharge  current  was  1=100  A  and 
the  anode  surface  area  was  S<5xl0^cm^.  From  the  experimental  results  the  plasma  density  at  the  anode  was 
n^  =7x10^  cm’^  and  slowly  increased  in  the  direction  of  the  cathode.  The  temperature  of  the  titanium  ions  (Z=2)  was 
T|=20  eV,  while  the  electron  temperature  was  Tg=1.25  eV  and  the  scatter  in  the  data  increased  with  increasing  distance  from 
the  cathode,  reaching  a  value  of  20  %  of  the  mean  for  distances  of  35-40  cm,  defining  a  region  of  length  L=15  cm.  The 
amplitude  of  the  electric  field  also  decreases  in  this  region. 

We  assume  that  this  effects  is  caused  by  the  Buneman  instability.  Under  the  experimental  conditions  Tj=8ZTg  and 
from  Eq.  (1 1)  we  obtain  r|=2.67  and  Uq=1.25x10^  m/s.  Near  the  anode  u=I/(en^S^)>  1.8x10^  m/s  and  hence  u.  >  Uq  and  there 
are  suitable  conditions  for  the  Buneman  instability  to  develop.  Thus  qQ=0.3<l  and  we  can  use  our  theory.  From  Eqs.  (26), 
(27),  and  (32)  we  obtain  the  plasma  parameter  changes. 


Aw 


8  0 


=  5x10“ 


^Te 


=  0,2, 


=  3x10' 


u  ~  Inmu  Te  '  '  Ti 

The  electron  temperature  change  corresponds  to  the  maximum  value  of  the  experimental  spread  ATg  in  the  examined 
region.  From  Eq.  (33)  we  determined  the  effective  collision  frequency  Vgff«210^s"^  and  plasma  turbulent  electrical 
conductivity:  agff=8QCOg^/Ugfp210^  ohm“^  m"^.  We  can  compare  the  classical  and  turbulent  electron  free  path,  for  the 
experimental  conditions  and  obtain  leff^^e^^efP^-^  Igp2xl0^  Vn,  cm.  In  the  examined  region  n<2xl0^^  cm"^  and 

we  see  that  Igff  «  L  <  Igj. 

Now  we  can  calculate  the  electric  field  which  is  necessary  to  transport  the  stationary  current  jg=enuQs  over  the 
turbulent  region  as  Es^Js^^eff^^  Vim.  Assuming  that  this  value  is  present  in  all  of  the  turbulent  region,  we  obtain  across  the 
length  L=10-15  cm  a  potential  drop  AV=0.8-1.2  V,  which  corresponds  well  to  the  experimental  data. 

Thus  the  experimental  plasma  parameter  variations  can  be  explained  by  the  Buneman  instability  if  the  electron  drift 
velocity  u  is  considered  as  independent  of  position  within  the  examined  region.  There  are  no  experimental  data  on  the 
current  density  variations^.  But  there  are  the  data  on  the  plasma  density  which  increases  by  a  factor  of  about  1.5-2  across  the 
examined  region.  Our  explanation  is  correct  if  the  current  density  changes  proportionally  to  the  plasma  density  change,  i.e. 
by  a  factor  of  1 .5-2  which  is  possible  in  this  experiment. 
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In  this  paper  the  processes  in  the  low  arc  current  (less  then  1  kA)  on  a  cathode  with  moderate  melting  temperature  are 
discussed.  In  this  arc  an  anode  typically  plays  a  passive  part,  acting  only  as  a  collector  of  the  microparticles,  metal  vapor, 
ion  and  electron  flux,  which  are  ejected  into  a  gap  from  the  cathode  spot  region. 

Two  types  of  cathode  spots  are  distinguished:  type  1  are  the  quick  moving  spots  with  a  low  erosion  rate  ^d  a  snull 
crater  dimension  (<  l^lm)*  and  type  2  that  are  characterized  by  slow  motion,  a  large  crater  dimension  and  a  high  erosion 
rate*’2.  We  will  discuss  the  physical  model  for  cathode  spots  of  type  2  on  clean  smooth  surfaces. 

Most  investigators  dealing  with  the  cathode  spot  research  use  some  assumptions  which  have  taken  a  power  of  axioms, 
although  none  of  these  assumptions  are  immediately  evident  from  experimental  results.  These  postulates  are  the  following. 
1)  A  value  of  cathode  voltage  drop,  must  be  lower  then  an  arc  operating  voltage,  U^,  i.e.  the  electrical  potential  raises 
monotonically  from  a  cathode  to  an  anode.  2)  The  generation  of  ions  inside  the  cathode  voltage  drop  region,  l^,  does  not 
take  place.  The  ion  current  to  a  cathode  flows  only  from  plasma  region  and  has  got  the  value  of  Bohm's  equation.  3)  The 
value  of  electron  emission  current  must  be  close  to  a  value  of  the  total  current. 
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We  believe  these  assumptions  are  contrary  to  the  experimental  data,  therefore  this  paper  deals  with  the  model  of 
using  nonmonotonical  potential  distribution  across  the  gap.  Plyutto  et  al  were  the  first  who  proposed  this  idea^, 

but  their  point  of  view  has  not  received  the  fiirther  development. 
However,  our  papers'*'^  and  the  paper'^  give  an  substantial 
justification  for  the  above  approach.  Thus,  a  new  results  of 
application  of  the  potential  hump  model  are  presented  here.  The 
potential  distribution  along  the  discharge  axis  is  schematically 
shown  in  Fig.  1.  Near  the  cathode  a  plasma  region  with  the  high 
particle  density  exists,  which  is  named  a  cathode  flare.  Its  boundary 
approximately  corresponds  to  coordinate  x^.  The  rest  of  the  gap, 
from  to  d,  forms  a  vacuum  diode  with  ion  neutralization.  The 
cathode  voltage  drop,  being  in  excess  of  the  discharge  operating 
voltage,  is  concentrated  along  4. 


During  the  process  of  arc  operation  a  neutral  flux  jJ<T^  is 
evaporated  from  the  cathode,  whose  value  depends  on  the  cathode 
surface  temperature,  T^,  Some  part  of  these  evaporating  atoms  are 
ionized  before  their  arrival  in  the  point  of  the  potential  maximum 
(x  =  /^  ).  These  atoms  return  on  the  cathode  as  ions  constituting  an 
ion  current,  The  rest  of  the  atoms  are  ionized  in  the  cathode 
flare  region,  These  ions  are  accelerated  by  an  electric  field  and  may  arrive  to  the  anode  constituting  the  anode  ion 
current,  It  is  obvious  that  ^ The  value  of  ion  current  at  the  cathode  is  determined  by  the  ionization 

constant,  and  the  velocity  of  the  atoms, 


Coordinate 


Fig.  1. 


yic=A(^c)  V-exp 


j  n^ix)  dx 


(1) 


Our  model  assumes  that  the  electrons  in  cathode  flare  plasma  obey  the  Boltzmann  energy  distribution.  A  certain  share 
of  the  plasma  electrons  can  overcome  the  potential  barrier  ell^  and  they  form  the  electron  back  flow  to  the  cathode, 
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Thus,  the  total  current  at  the  cathode  consists  of  three  components 


where  is  the  current  of  thermionic  emission,  calculated  with  the  Schottky  effect  taken  into  account,  and  U^)  is  the 
electric  field  at  the  cathode  surface  given  by  McCown's  equation.  The  energy  balance  equation  for  the  cathode  has  the  form 

+  e  +  fi  -  <p)  +yeb(‘P  +  -J\e  -Jem(9  +  ^Tg)  =  ,  (3) 

where  e  is  an  evaporation  energy  per  atom,  (p  is  an  electron  work  fiinction,  /;  is  an  atom  ionization  energy.  Terms  in  the 
right  side  of  the  equation  show  other  reasons  of  heat  removal,  or  heating,  on  the  cathode,  which  do  not  indicate  in 
the  left  side.  For  instance,  implies  a  possible  heating  by  means  of  independent  external  source. 

We  have  shown^,  that  the  set  of  Eqs.  (l)-(3)  makes  it  possible  to  calculate  the  values  U^,  T^,  Jic>  Jem’  Jeh<  * 
given  J.  In  order  to  find  we  can  write  the  current  balance  at  U^.  Without  the  loss  of  generality  it  is  believed  that 
~  U^.  Then  the  total  current  is  the  sum  of  the  following  components:  thermionic  current  of  the  electrons,  which  have  not 
lost  their  energy  in  collisions  within  the  cathode  flare  region,  (5  <  1);  the  current  of  thermal  electrons  from  plasma, 
y'ep  =yebexp(eC/V^e);  and  ion  current,^  -Jic'- 

J  =  ^Jem(Te’Ee)+Jep-Jh-  (4) 


Another  necessary  equation  is  the  integrated  energy  balance  for  the  discharge  system 

+  Qext  =  Qr  “  ^n)  +  ^  +  -^i  “  ^P]  +  ^J'emi^^m  +  ‘P)  +yep(<P  +  ^Tg)  .  (5) 

In  our  simulations  we  have  supposed  that  the  anode  is  cold  and  made  of  the  same  material  as  the  cathode.  Eqs.  (4)  and  (5) 
define  two  unknown  parameters:  8  and  Thus,  the  set  of  Eqs.  (l)-(5)  can  be  solved  to  find  the  principal  characteristics 
of  the  vacuum  arc. 

Unfortunately,  the  cathode  spot  processes  are  far  from  our  ideal  model.  In  spite  of  respectively  invariable  total  current 
in  external  circuit,  a  cathode  spot  is  not  a  steady-state  object.  As  a  rule,  the  cathode  spot  moves  over  the  cathode  surface  and 
it  can  consist  of  a  few  cells,  moreover  some  cells  disappear,  while  other  ones  come  into  being.  In  the  process  of  cathode  spot 
operation  the  current  density  varies  with  time  and  position.  However, 
a  new  form  of  vacuum  arc  with  diffiised  cathode  spot  has  been  found 
recently^»^,  in  which  an  actual  processes  are  close  to  our  steady-state 
model  of  the  cathode  spot.  A  typical  value  of  this  cathode  spot  area  is 
a  few  cm^,  that  is  why  there  are  solid  experimental  data  on  the  basic 
parameters  of  arc:  current  density,  J,  cathode  temperature, 
electron  temperature,  7^,  operating  voltage,  and  erosion  rate^’^. 

Let  us  consider  an  example  of  steady-state  vacuum  arc  with  a 
current  density  up  to  100  A/cm^  on  gadolinium  (Gd)  cathode^.  For 
Gd-cathode  the  equilibrium  flux  of  thermionic  emission,  is  about 
20  times  excess  of  the  evaporating  atoms  flux,  In  this  case  a 
problem  arises  how  to  explain  the  mechanism  of  keeping  of  the  high 
cathode  temperature  (>  2000  K).  To  compensate  the  emission  cooling 
it  is  required  for  each  ion  to  bring  at  the  cathode  surface  the  energy  of 
>  200  eV,  while  the  arc  operating  voltage,  that  was  measured,  to  be 
no  more  then  100  V.  The  above  discussed  model  clarifies  this 
contradiction.  Experiments^  have  been  carried  out  under  the 
condition  of  radiative  cooling  cathode,  when  Qj.  is  proportional  to  7^. 

Fig.  2  shows  calculated  relationships  between  and  J  for  the 
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self-sustaining  mode  of  arc  operation,  0,^  =  0  (solid  curves)  and  =  100  W/cm^  for  the  externally  heated  cathode  (da  h 
curves).  In  both  cases  is  much  in  excess  of  -  U^.  In  the  mode  with  =  «  a^^t  90  /o  of  evaporated  atoms  return  to 
the  cathode  as  ions  being  appeared  within  the  cathode  voltage  drop  region.  In  order  to  provide  this  high  ionization  rate,  it  is 
required  that  in  the  plasma  ranges  from  8  to  15  eV,  depending  on;.  If  we  bear  m  mind  that  the  cathode  matenal  vapour 
density  in  the  gas  discharge  gap  is  <  lO'^  cm'^,  these  values  of  temperature  seem  to  be  quite  reasonably.  An  additional 
heating  of  the  cathode  from  an  external  source  reduces  and  by  several  times.  This  is  in  a  good  agreement  wit 

experiment^. 

Our  model,  as  applied  to  the  diffused  cathode  spot  on  the  chromium  (Cr)  cathode^,  also  adequately  explains  the 
experiments.  For  Cr-cathode  the  thermionic  emission  flux  is  negligible  as  compared  with  the  flux  of  evaporated  atoms  i.e. 
this  property  of  Cr  is  opposite  to  one  of  Gd.  Our  calculations  have  demonstrated  that  the  total  current  on  the  cathode 
surface  almost  entirely  consists  of  the  ion  current.  That  is  why  there  is  no  need  for  a  conception  of  “abnormal  emission”,  as 
authors  of  paper*  have  done. 

In  spite  of  the  preceding  doubt  concerning  the  usefulness  of  the  model  to  describe  the  constricted  cathode  spot  it  is  of 
interest  to  know  the  results  of  formal  calculations.  For  steady-state  vacuum  arc  with  a  bulk  cold  cathode  at  given  value  o 
the  total  current  /q  we  must  substitute  Q,  =  in  Eqs.  (3)  and  (5).  Here  is  thermal  conductivity  of  the  cathode 

material,  and  the  flux  of  heat  within  the  thickness  of  cathode  is  assumed  having  a  spherical  symmetry.  Some  calculated 
cathode  spot  parameters  are  shown  in  the  Table  1. 

Table  1.  Calculated  parameters  of  steady-state  cathode  spot  on  a  bulk  cold  cathode.  Value  of  the  current  Iq-  5  A. 


«eo.  cm- 


Here  G  is  an  erosion  rate,  is  the  plasma  density  at  the  cathode  voltage  drop  boundary,  4.  The  value  of;  should  be 
read  as  denoting  the  average  current  density  in  the  cathode  spot.  As  might  be  expected  from  the  versatility  of  the  set  of 
Eqs.  (l)-(5),  the  calculated  parameters  are  not  in  conflict  with  the  experimental  data. 

Thus,  the  presented  model  of  the  vacuum  arc  can  be  effectively  applied  to  an  analysis  of  both  diffused  and  constricted 
cathode  spot.  The  value  of  maximum  plasma  density,  allows  an  estimation  for  free  path  of  a  heavy  particle.  In  all  cases 
with  the  exception  of  Mg  the  free  path  is  comparable  to  the  size  of  the  cathode  spot.  The  almost  collisionless  character  of 
ion  motion  is  the  reason  why  a  potential  hump  region  builds  up  in  the  gap.  Without  resort  to  the  idea  of  the  potential  hump 
region  one  cannot  adequately  explain  the  current  transfer  in  a  gap.  The  existence  of  the  potential  hump  region  is  responsible 
for  ion  acceleration  towards  both  the  anode^-*  and  the  cathode.  This  model  gives  an  interpretation  a  number  of  other 
problems.  Among  them  there  are  the  phenomena  of  current  cutoffs  and  voltage  spikes;  a  problem  of  the  current  density 
value  in  the  spot;  the  reverse  motion  of  the  spot  in  the  magnetic  field. 

It  is  common  knowledge  that  in  operation  of  the  vacuum  arc  with  a  large  ballast  resistor  there  are  spikes  in  the 
operating  voltage  oscillogram.  The  duration  of  this  spikes  is  in  the  order  of  a  few  nanoseconds,  and  its  amplitude  can  be  up 
to  a  few  hundreds  volts.  In  the  frames  of  the  potential  hump  conception  this  phenomenon  can  be  explained  as  follows. 
When  the  atom  flux  into  the  gap  decreases,  i.e.  n^Q  decreases  in  the  hump  region,  the  value  of  increases  (ref.  Eq.  (4))  in 
order  to  hold  the  value  of  total  current,  which  is  being  stabilized  by  a  large  ballast  resistor.  Just  when  17^  will  be  closed  to 
the  hump  is  fully  destroyed.  As  a  result  the  mechanism  of  atom  ionization  by  means  of  the  electrons  oscillation  ceases  to 
operate,  the  gap  resistance  and  the  gap  voltage  drop  dramatically  increase.  After  that  a  new  explosion  centre  is  generated  as 
a  results  of  raising  of  the  electric  field  strength  near  the  cathode  surface.  The  rate  of  atom  evaporation  increases,  the 
potential  hump  is  restored  to  its  original  form  and  the  operating  voltage  decreases  again. 
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The  different  procedures  for  determination  of  the  spot  dimension  give  the  difference  in  a  few  orders  of  the  current 
density  values.  At  the  beginning  of  the  cathode  surface  explosion  y  may  be  as  great  as  10^  A/cm^,  but  once  the  crater 
dimension  increases,  the  current  density  decreases.  If  it  is  believed  that  the  cathode  voltage  drop  is  not  high  {U^  «  C/^),  then 
one  cannot  explain  the  high  value  of  current  density,  =10^  A/cm^,  and  the  occurrence  of  small-size  craters  within  the  area 
of  a  single  cathode  spot.  In  our  model  there  is  no  this  problem. 

The  rather  high  ionization  rate  of  the  cathode  material  vapour  by  oscillating  electrons  inside  the  cathode  voltage  chop 
region  is  one  of  the  necessaiy  conditions  for  continuous  operation  of  the  cathode  spot.  It  is  known  that  the  imposition  of  a 
magnetic  field  on  a  plasma  as  a  rule  leads  to  raising  of  the  ionization  processes,  because  of  a  magnetic  field  confines  an 
electron  plasma  component.  At  position  where  a  magnetic  field  strength  is  elevated  the  value  of  plasma  density  is  larger 
then  another  position.  That  situation  takes  place  when  an  external  magnetic  field  strength  is  added  to  the  current  magnetic 
field  strength  in  one  side  of  the  cathode  spot  and  it  is  subtracted  in  opposite  side.  That  is  why  the  cathode  spot  has  to  move 
in  the  direction  of  increasing  magnetic  field  strength.  This  phenomena  is  known  as  the  reverse  motion  of  the  cathode  spot 
in  the  magnetic  field. 

Thus,  the  potential  hump  conception  explains  a  variety  of  the  experimental  facts  and  the  theoretical  estimations  of 
some  parameters  of  the  vacuum  arc  correlate  well  with  measurements. 
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1.  INTRODUCTION 


Vacuum  and  low-pressure  arcs  are  widely  used  to  produce  intense  electron  and  ion  beams^  in  switches^,  as 
well  as  in  devices  producing  plasma-ion  treatment  of  materials  and  articles  in  application  of  coatings.  To  attain  an 
appropriate  rate  of  treatment  for  articles  in  plasma  ion  spraying,  it  is  necessary  to  produce  in  the  operating  space 
a  plasma,  which  would  provide  for  supplying  the  required  energy  to  the  surface  under  treatment.  This  energy  is 
determined  by  both  the  bias  voltage  applied  to  the  article  and  the  ion  energy  in  the  plasma.  The  bias  voltage  is 
restricted  by  the  breakdown  of  the  near-electrode  sheath  formed  around  the  electrode  placed  in  the  plasma.  The 
probability  of  breakdown  depends  on  the  electrode  surface  condition,  the  duration  of  voltage  application,  and  the 
plasma  density.  In  this  paper  we  shall  discuss  the  peculiarities  of  the  arc  discharge  in  large  interelectrode  gaps  and 
the  breakdown  of  the  near-electrode  plasma  sheath  depending  on  the  surface  condition. 

2.  EXPERIMENTAL  SETUP 


A  schematic  diagram  of  the  experimental  setup 


is  given  in  Fig.  1.  The  arc  initiated  by  a  discharge  over  the  sur¬ 
face  of  an  insulator  placed  between  cathode  1  of  diameter 
2~4  mm  and  trigger  electrode  2  operated  in  the  gap  between 
the  cathode  and  hollow  cylindrical  anode  4  diameter  270 
mm  and  length  400  mm,  whose  functions  were  fulfilled  by  a 
vacuum  chamber.  The  arc  was  powered  from  power  supply  7 
produced  rectangular  pulses  of  duration  0.1  to  1  ms  with  the 
current  controlled  within  a  range  from  0.1  to  1  kA.  Inside 
the  chamber,  a  movable  plane  electrode  5  was  placed  and 
a  negative  bias  dc  voltage,  varied  between  zero  and  —200 
V  was  applied  to  it,  or  this  electrode  was  connected  to  the 
anode.  Hot  probe  6  made  of  tungsten  wire  of  diameter  0.2 
mm  was  inserted  into  the  discharge  gap  through  a  hole  in 
electrode  5.  The  length  of  the  probe  part  protruded  outward 
from  the  ceramic  insulator  was  10  mm.  A  rectangular  pulse 
of  duration  150  //s  with  a  voltage  controlled  between  0.1  aad 
4  kV  was  applied  to  the  probe  from  power  supply  9  with  a 
delay  of  500  with  respect  to  the  instant  of  arc  ignition. 
To  degas  and  clean  the  probe,  it  could  be  heated  to  1200 
^C.  Currents  were  measured  by  Rogowski  coils  77,  7^,  and 
13\  voltage  divider  7?2^3  was  used  for  measuring  the  pulsed 
voltage. 


Fig.  1.  Schematic  of  the  experimental  setup  ™  .  i‘  i  •  *  .  . 

The  ion  velocity  distribution  was  investigated  by  an  opti¬ 
cal  method  based  on  measuring  the  Doppler  shift  of  the  radiation  spectrum  lines.  The  discharge  system  was  arranged 
in  such  a  way  that  the  arc  could  operate  alternately  in  two  opposite  directions  (see  Fig.  3).  The  light  from  two 
discharge  regions  passed  through  quartz  windows  and  was  projected  by  a  lens  with  a  focus  distance  of  112  mm  or<to 
a  spectrograph  with  a  reverse  linear  dispersion  equal  to  0.38  nm/mm.  The  electron  energy  spectrum  was  measured 
by  a  multigrid  electrostatic  analyzer.  The  operating  pressure  controlled  by  additional  bleed-in  of  a  gas  (Ar,  N2)  was 
10“3  to  10--2  Pa. 
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a.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

In  a  pulsed  arc  operating  in  a  large  electrode  gap,  two  characteristic  regions  with  highly  different  integrated  light 
intensities  are  observed.  Near  the  cathode,  a  bright  flare  5  to  7  mm  in  diameter  can  be  seen,  which  is  separated  by  a 
sharp  boundary  from  another,  weakly  luminating,  part  of  the  discharge.  A  photograph  of  a  glow  in  the  near-cathode 
region  taken  for  a  discharge  current  of  100  A  and  pulse  duration  of  100  fis  is  given  in  Fig.  2.  Herein,  the  distributions 
of  the  plasma  glow  intensity  (in  relative  units)  in  the  axial  and  radial  directions  obtained  by  photometry  are  shown. 
The  plasma  potential  with  respect  to  the  cathode  at  the  flare  boundary  was  -|-90  V,  then  it  gradually  increased  at 
a  rate  of  2  V/cm  and  reached  its  maximum  (depending  on  the  gap  spacing)  near  the  anode.  1  he  negative  anode 
potential  drop,  depending  on  the  discharge  current  and  gap  spacing,  was  20  to  50  V. 


Fig.  2.  Discharge  plasma  light  intensity  distribution  in  the  near-cathode  region  along  (i) 

and  transverse  to  (2)  the  system  axis 

Spectroscopic  investigation  of  the  velocity  distribution  for  the  cathode  material  excited  ions  (Mg  II,  2790.8  A) 
has  shown  that  the  flare  contains  magnesium  ions  which  move  toward  both  the  cathode  and  the  anode  (Fig.  3,  curve 
i),  while  outside  the  flare  only  fast  ions  moving  toward  the  anode  are  observed  (Fig.  3,  curve  2).  In  measuring  the 
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velosity  (x  10"^  m/s) 


Fig.  3.  Schematic  of  spectroscopic  measurements  and  the  velocity 
distribution  of  excited  magnesium  ions  along  the  system  axis  (i) 
and  at  6  mm  from  the  axis  (2) 


Doppler  shifts  and  spectral  line  pro¬ 
files  for  magnesium  atoms  (Mg  I, 
3829.4  A  and  Mg  I,  3932.3  A),  an 
abrupt  decrease  in  spectral  line  inten¬ 
sity  was  observed  in  the  weakly  lu- 
minating  plasma  region,  and,  for  a 
discharge  propagating  in  the  viewer 
direction,  the  line  shift  toward  the 
short- wavelength  spectral  region  was 
detected.  For  the  Doppler  effect,  this 
corresponds  to  an  accelerated  motion 
of  particles  away  from  the  cathode. 

In  the  anode  part  of  the  discharge, 
two  groups  of  electrons  —  slow  elec¬ 
trons  with  an  energy  of  5  to  10  eV 
and  fast  electrons  with  an  energy  of 
60-80  eV  —  were  detected.  It  seems 
that  electrons  acquire  high  energies  at 
the  flare  boundary,  where  an  abrupt  in¬ 
crease  in  plasma  potential  is  observed. 
In  this  region,  ions  moving  toward  the 
anode  appear.  The  accelerated  motion 
of  ions  can  be  accounted  for  by  the  hct 
that  they  are  entrained  by  the  fast  elec¬ 
tron  flow  due  to  the  action  of  electron- 
ion  friction  forces,  if  these  forces  ore 
turbulent  in  nature'*. 


The  slow  plasma  ions  and  the  fast  ions,  when  getting  on  the  surface  of  an  electrode  placed  into  the  plasma,  choige 
dielectric  inclusions  present  on  the  surface  and,  if  the  surface  charge  density  is  high,  they  may  cause  a  ])reakdown  of 
the  dielectric  film  by  initiating  the  formation  of  cathode  spots  and  a  breakdown  of  the  space  charge  near-electrode 
sheath . 


bias  voltage  (V) 

Fig.  4.  Breakdown  delay  time  versus  bias  voltage  for  a  plane 
electrode  at  a  discharge  current  of  150  A  (1)  and  600  A  (2) 


In  our  experiment,  the  time  to  sheath 
breakdown,  was  measured  from  the  in¬ 
stant  of  arc  ignition  to  t  he  abrupt  current 
rise  in  the  circuit  of  electrode  5  and  the  cor¬ 
responding  voltage  drop.  Figure  4  presor  ts 
the  breakdown  delay  time  ^ts  a  function  of 
the  negative  bias  voltage  Vb  applied  to  the 
electrodes  for  two  values  of  discharge  current 
corresponding  to  the  saturation  ion  current 
density  6  mA/cm^  (curve  1)  and  24  mA/crn^ 
(curve  2).  In  the  experiment  with  a  probe, 
heating  the  latter  allowed  two  breakdov/n 
modes,  one  being  realized  with  dielectric  in¬ 
clusions  present  on  the  surface  and  the  ott'er 
corresponding  to  a  clean  surface.  When  a 
pulsed  bias  voltage  was  applied  to  a  cold 
probe,  the  sheath  was  broken  down  at  volt¬ 
ages  over  1.2  kV  with  a  wide  spread  in  delay 
time  throughout  the  pulse  duration  range 
under  investigation.  At  voltages  over  3  kV, 
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bias  voltage  (kV) 

Fig.  5.  Breakdown  probability  versus 
hot  probe  voltage 


the  breakdown  probability  was  100%.  The  breakdown  probability  is  given 
in  Fig,  5  as  a  function  of  bias  voltage  for  a  clean  probe  heated  to  1200  ®C. 
For  the  ion  current  density  onto  the  probe  45  mA/cnri^,  breakdowns  did 
not  occur  at  a  bias  voltage  below  2.1  kV  and  occurred  without  any  delay 
in  each  pulse  at  a  voltage  over  2.4  kV. 

The  experiments  performed  suggest  that  there  exist  two  mechanisms  of 
breakdown  for  the  near-electrode  sheath  near  a  negative  electrode  pla-^ed 
into  a  plasma.  In  the  first  case,  the  sheath  breakdown  is  initiated  by 
the  breakdown  of  dielectric  inclusions  present  on  the  electrode  surface, 
which  are  charged  by  ions  coming  from  the  plasma.  Theoretical  estimates 
show  that  when  the  negative  voltage  at  the  electrode  is  lower  than  the 
arc  operation  voltage,  the  ion  charge  is  neutralized  by  electrons.  Thus, 
in  the  experiment  discussed,  for  an  arc  operation  voltage  equal  to  60  to 
80  V,  an  electron  current  was  indicated  in  the  negative  electrode  circuit 
at  a  bias  voltage  below  -80  V.  The  delay  time  to  breakdown  for  vhe 
sheath  decreases  with  increasing  the  bias  voltage  at  a  cold  probe  and  the 
plasma  density.  Moreover,  no  breakdown  of  the  sheath  occurs,  if  the  pulse 
duration  is  shorter  than  the  time  needed  for  the  charge  density  at  the 
dielectric  inclusion  surface  to  reach  some  critical  value. 


In  the  absence  of  dielectric  inclusions  for  a  high-density  plasma  or  high  bias  voltage,  the  breakdown  of  the  shedth 
occurs,  once  the  electric  field  at  the  electrode  surface  reaches  a  critical  value;  therefore  the  breakdown  has  a  threshold 
nature. 
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ABSTRACT 

The  cathode  spot  vacuum  produces  a  jet  of  highly  ionized  plasma  plus  a  spray  of  liquid  droplets,  both  consisting  of 
cathode  material.  The  droplets  are  filtered  from  the  plasma  by  passing  the  plasma  through  a  curved,  magnetized  duct.  A  radial 
magnetic  field  may  be  applied  to  the  face  of  the  cathode  to  rotate  and  distribute  the  cathode  spots  in  order  to  obtain  even 
erosion  and  avoid  local  overheating.  The  choice  of  axial  magnetic  field  strength  in  the  vicinity  of  the  cathode  is  a  compromise 
between  a  relatively  high  field  desired  to  collimate  a  large  fraction  of  the  plasma  flux,  and  the  need  to  collect  a  substantial 
fraction  of  the  plasma  at  the  anode  in  order  to  reduce  arc  voltage  and  insure  arc  stability.  The  transmission  of  the  filter  duct 
increases  with  magnetic  field  strength  until  a  saturation  value.  Entrainment  of  the  droplets  in  the  plasma  jet  can  decrease  the 
effectiveness  of  the  filter  at  high  plasma  flux.  Semiconducting  thin  films  of  amorphous  silicon  were  prepared  using  cathodes 
of  heavily  B-doped  Si.  Arcs  of  35  A  current  produced  a  deposition  rate  of  10  A/s.  The  electrical  conductivity  of  the  films  was 
similar  to  conventional  a-Si:H  films  deposited  by  conventional  Silane  based  CVD  at  high  temperatures,  but  had  a  higher  room 
temperature  conductivity,  despite  the  absence  of  hydrogen  to  terminate  dangling  bonds.  Transparent  conducting  films  on  Sn- 
O  were  deposited  at  rates  of  up  to  100  S/s  using  160  A  arcs  on  a  Sn  cathode  while  injecting  O2  gas  in  the  vicinity  of  the 
substrate.  Adjustment  of  the  O  content  is  critical  for  optimizing  conductivity,  and  complicated  by  pumping  effects  of  the  arc. 
Optimal  conductivity  was  achieved  at  an  oxygen  pressure  of  6  mTorr.  Conductivities  equal  to  the  best  reported  to  date  were 
achieved  by  subjecting  the  room  temperature  deposited  films  to  a  30  s  rapid  thermal  annealing  at  350  C.  Both  the  as  deposited 
and  annealed  films  are  amorphous.  The  deposition  rates  achieved  by  the  filtered  vacuum  arc  technique  for  these 
semiconductor  films  are  an  order  of  magnitude  greater  than  achieved  with  conventional  methods,  while  the  conductivities  are 
equivalent  or  better.  The  results  contravene  accepted  assumptions  that  hydrogenation  is  necessary  for  high  conductivity  a-Si, 
and  that  high  conductivity  Sn-O  requires  a  crystalline  microstructure.  It  is  suggested  that  the  unusual  results  achieved  are  a 
result  of  higher  density  coatings  caused  by  the  high  energy  of  the  depositing  ions. 

1.  INTRODUCTION 

The  cathodic  vacuum  arc  produces  a  jet  of  highly  ionized,  energetic,  vapor  of  the  cathode  material,  which  will  form  a 
coating  on  any  substrate  upon  which  the  jet  impacts.  Vacuum  arc  deposition  has  been  studied  in  the  previous  century  by 
Wright*  and  Edison^,  and  in  the  present  time  cathodic  vacuum  arcs  deposition  is  in  wide  scale  industrial  use  for  producing 
wear  protective  coatings  of  TiN  and  related  materials  on  cutting  and  forming  tools,  as  well  as  decorative  coatings  on 
plumbing  fixtures  and  jewelry^.  A  by  product  of  the  cathode  spot  vacuum  arc  is  a  spray  of  molten  or  solid  particles  of  the 
cathode  material  which  may  become  imbedded  in  the  coating^.  These  macroparticles  (MP's)  are  thought  to  be  deleterious,  but 
not  critical,  in  wear  protective  coatings. 

Semi-conducting  thin  films  are  highly  desired  for  microelectronics  and  electro-optics,  but  must  be  free  of  macroparticle 
contamination.  Silicon  thin  films  have  been  deposited  by  Naoe  et.  al.^  and  later  by  Muchizuki^.  Generally  the  films  were 
multi-crystalline,  and  a  substantial  fraction  of  the  films  appears  to  be  from  the  deposition  of  macroparticles.  Muchizuki, 
however,  did  obtain  smooth,  amorphous  coatings  of  Si  at  a  very  low  deposition  rate  (0. 1  X/s)  by  arcing  on  a  heated  Si  cathode 
in  a  gas  background,  and  facing  his  substrate  away  from  the  cathode.  Presumably  atoms  or  ions  of  Si  were  scatted  by  the  gas 
atoms  onto  the  substrate. 

High  quality  amorphous  carbon  films  were  obtained  by  Aksenov  st.  ol.  at  deposition  rates  of  up  to  50  %ls  using  a  graphite 
cathode,  and  passing  the  plasma  through  a  magnetized  quarter  torus  macroparticle  filter^.  Electron  energy  loss  spectroscopy 
(EELS)  as  well  as  diffraction  studies  show  that  these  films  are  quasi-amorphous  but  have  a  diamond  nano-structure  with 
predominantly  sp^  bonding. While  most  of  the  attention  has  be  focused  on  the  mechanical  properties  of  these  films, 
McKenzie  et.  al.  have  fabricated  heterostructure  semiconductor  rectifying  diodes  by  filtered  vacuum  arc  deposition  (FVAD) 
of  a  diamond  like  carbon  thin  film  onto  a  crystalline  Si  wafer  substrate.***  The  FVAD  technique  has  also  be  used  for 
deposition  of  optical  thin  films  of  metal  oxides  including  Ti02  and  AI2O3  by  introducing  an  oxygen  gas  flow  in  the  vicinity 
of  the  substrate. **>*2  Generally  these  films  could  be  deposited  by  FVAD  at  higher  deposition  rates  than  by  conventional 
technologies,  while  having  indices  of  refraction  and  loss  coefficients  as  good  as  achieved  by  any  technique. 
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In  the  present  work  the  FVAD  technique  has  been  adapted  for  deposition  of  semi-conducting  thin  films  of  amorphous 
silicon,  and  transparent  tin  oxide.  The  deposition  process  will  be  presented,  including  aspects  of  controlling  the  location  and 
motion  of  the  cathode  spots,  and  transport  of  the  plasma  through  the  macroparticle  filter.  Characterization  of  the 
microstructure  of  the  films  will  be  presented,  as  well  as  measurements  of  the  film  conductivities.  Finally,  potential 
applications  for  these  films  will  be  surveyed. 

2.  CATHODE  DESIGN  AND  CATHODE  SPOT  CONTROL 

Neither  Sn  nor  Si  are  good  structural  materials  -  Si  is  brittle,  and  cannot  be  machined,  while  Sn  is  soft,  and  melts  at  a  low 
temperature.  Thus  the  cathodes  were  designed  as  compound  structures,  with  a  supporting  structure  of  Cu  for  thermal  control, 
electrical  current  connection,  and  structural  strength,  holding  an  active  surface  of  the  desired  deposition  material. 

The  Cu  support  structure  for  the  Sn  cathode  was  in  the  form  of  a  hollow  cup,  into  which  Sn  could  be  melted  or  cast.  A 
hollow  region  behind  the  cup  facilitated  water  cooling.  A  100  turn  coil  which  produced  a  generally  radial  field  in  the  vicinity 
of  the  cathode  surface  was  also  located  in  this  hollow  region.  In  a  160  A  arc,  generally  about  5  cathode  spots  were  visible 
simultaneously  when  operating  in  vacuum,  but  the  number  greatly  increased  as  did  the  random  spot  velocity  when  operated  in 
an  oxygen  atmosphere.  Unlike  arcs  on  Hg  cathodes,  no  tendency  was  noted  for  the  arc  to  anchor  itself  at  the  Sn-Cu  interface. 
As  the  level  of  the  Sn  decreased  due  to  erosion,  the  increasingly  exposed  Cu  cup  side  wall  was  also  coated  with  Sn,  and  did 
not  suffer  any  significant  arc  erosion.  The  application  of  a  radial  magnetic  field  tended  to  rotate  the  cathode  spots  in  the 
retrograde  direction,  and  thus  spread  the  heat  load  and  cathode  erosion  over  the  cathode  surface. 

Design  of  a  Si  cathode  is  complicated  by  the  low  room  temperature  electrical  conductivity  of  intrinsic  Si.  Several  different 
designs  have  been  tested.  (1)  A  hollowed  Cu  cylinder  upon  which  a  5  mm  thick  100  mm  diam  heavily  doped  Si  disc  attached 
using  silver  epoxy.  Water  cooling  in  the  hollow  cavity  prevents  overheating  of  the  epoxy.  (2)  A  Cu  clamp  holding  a  55  mm 
thick,  100  mm  diam  heavily  doped  Si  cylinder.  And  (3),  a  Cu  clamping  arrangement  supporting  an  array  of  halogen  lamps  on 
one  end,  and  a  55  mm  thick,  100  mm  diam  intrinsic  Si  cylinder.  Heavy  doping  supplies  the  requisite  electrical  conductivity  to 
support  the  arc  in  designs  (1)  and  (2),  while  heating  to  approximately  600  C  substantially  increases  the  conductivity  of  the 
intrinsic  Si  in  design  (3). 

Designs  (1)  and  (2)  have  been  successfully  tested.  It  was  found  that  at  currents  of  150  A  in  design  (1),  the  cathode  spot 
tended  to  be  stationary  despite  the  presence  of  a  magnetic  field,  and  severe  erosion,  and  cracking  through  the  depth  of  the  Si 
wafer  readily  occurred.  Operation  at  20-30  A  was  possible  without  severe  damage,  however.  Imposition  of  a  relatively  strong 
magnetic  field  could  produce  cathode  spot  rotation  at  relatively  low  velocities,  and  in  a  distinct  narrow  radial  groove.  The 
groove  radius  could  be  varied  by  using  a  superposition  of  magnetic  fields  produced  by  a  coil  with  the  hollow  cooling  cavity, 
and  an  external  field  coil,  with  the  currents  in  the  opposite  directions.  Varying  the  ratio  of  the  currents  would  alter  the  location 
at  which  the  field  was  purely  radial,  and  the  groove  diameter.  Design  (2)  was  successfully  tested  at  20-30  A  also.  The 
thickness  of  the  Si  cylinder  made  it  more  difficult  to  impose  an  effective  radial  field,  but  the  stationary  arc  produced  little 
damage  under  these  circumstances.  As  of  this  writing  design  (3)  is  currently  in  preliminary  testing. 


3.  PLASMA  TRANSPORT  THROUGH  A  MACROPARTICLE  FILTER 


Magnetic  Coils 


Fig.  L  Schematic  diagram  of  FVAD  system. 


The  plasma  produced  by  the  cathode  spots  is  extracted  through  an 
annular  aperture  of  122  mm  diameter  in  the  anode  and  passed  through  a 
quarter-torus  duct  with  a  minor  radius  of  80  mm,  and  a  major  radius  of 
300  mm,  into  a  deposition  chamber  (Fig.  1).  The  plasma  beam  is 
collimated  with  a  magnetic  field  coil  in  the  vicinity  of  the  electrodes,  a 
set  of  five  coils  around  the  quarter-torus,  and  a  pair  of  Helmholtz  coils 
around  the  deposition  chamber.  The  objective  of  this  arrangement  is  to 
filter  out  macroparticles  from  the  plasma  beam,  and  thus  the  plasma 
transport  system  can  be  characterized  by  its  throughput  of  plasma,  and 
its  rejection  of  MFs. 

Design  of  the  electrodes  and  duct,  and  choice  of  the  operating 
parameters  involves  a  compromise  between  the  competing  desires  to 
maximize  plasma  throughput,  MP  rejection,  and  arc  stability.  For 


example,  increasing  the  magnetic  field  strength  and  the  anode  aperture  tend  to  give  higher  plasma  fluxes  through  the  anode 
aperture,  but  at  the  same  time,  by  separating  the  plasma  fi*om  the  anode  higher  arcing  voltages  are  required,  and  there  is  an 
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extinguish  (Fig.  2).  Indeed,  this  very  same  configuration  was  used  by  Gilmour  and 


increasing  tendency  for  the  arc  to 
Lockwood^^  as  a  d.c.  opening  switch. 

Fig,  2.  Arc  voltage  and  lifetime  as  a  function  of  the  magnetic 
field  in  the  vicinity  of  the  cathode. 

Arc  Voltage  and  Lifetime 


Fig.  3.  Ion  transmission  fraction  in  MP  filter  as  a  function  of 
magnetic  field,  measured for  Ti,  calculated  for  Cu. 
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Generally,  the  magnetic  field  strength  used  in  the  quarter-torus  duct  is  such  that  the  Larmour  radius  of  the  electrons  is 
quite  small  with  respect  to  the  torus  minor  radius,  but  the  Larmour  radius  of  the  fast  ions  is  comparable  or  larger.  The  plasma 
as  a  whole  is  collimated  by  virtue  of  the  collimation  of  the  electrons,  and  the  electrostatic  field  set  up  by  the  negative  space 
charge  resulting  from  the  loss  of  ions.  In  the  large  radius  quarter-torus  duct  used  in  the  present  experiments,  the  conditions  are 
approximatley  hydrodynamic,  and  a  two-fluid  model  of  the  plasma  transport’'*  shows  qualitatively  an  increase  in  plasma  flux 
as  a  function  of  magnetic  field,  as  shown  in  Fig.  3  for  a  Cu  plasma.  Also  shown  is  the  measured  output  flux  for  a  Ti  plasma. 
The  decrease  in  output  flux  is  attributed  to  arc  instabilities  at  the  cathode,  as  illustrated  in  Fig,  2. 


Fig.  5.  Conductivity  of  FVAD  a-Si  films  with  4.4x10''^  B 
fraction,  as  a  function  of  l/T.  Shown  for  comparison  are 
curves  for  glow  discharge  CVD  a-Si:H  films,  where  the 
parameter  is  the  molecular  fraction  of  B  in  the  feed  gas.  -> 

Fig.  4.  Calculated  macroparticle  transmission  fraction 
(ppm)  due  to  entrainment  in  a  Cu  plasma  beam,  i 


“2 

Ion  current  density.  Am 


While  ideally  any  MP  striking  the  walls  of  the  duct  will  adhere  to  it,  and  thus  be  removed  from  the  plasma  beam,  in 
practice  some  of  the  impacting  MP's  are  reflected,  or  splattered,  from  the  walls.  This  effect  can  be  minimized  by  corrugating 
the  duct' 5,  or  in  our  case,  by  inserting  baffle  plates  within  the  duct.  In  addition,  a  theoretical  analysis  indicates  that  some  of 
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the  smaller  of  the  MP's  can  become  entrained  in  the  plasma  beam,  and  reach  the  torus  exit.  This  effect  has  a  maximal  value  of 
about  1  ppm  at  an  optimal  ion  current  density  within  the  filter,  as  shown  in  Fig.4. 

4.  AMORPHOUS  SILICON  DEPOSITION  AND  THIN  FILM  PROPERTIES 

Silicon  thin  films  were  prepared  using  a  heavily  B-doped  Si  cathode  (B  content  440  ppm),  and  arc  currents  of  20-30  A. 
Typically  the  background  pressure  was  around  5x10“^  Ton*.  Deposition  rates  of  about  8-10  A/s  were  obtained.  Secondary  Ion 
Mass  Spectroscopy  (SIMS)  measurements  indicated  that  the  B  content  of  the  films  was  the  same  as  in  the  cathode  material. 
Transmission  Electron  Microscopy,  Scanning  Electron  Microscopy,  Electron  Diffraction,  and  X-ray  Diffraction  all  indicate 
that  the  films  are  amorphous. 

The  electrical  conductivity  of  the  amorphous  silicon  (a-Si)  films  as  a  function  of  temperature  is  shown  in  Fig.  5.  Shown 
for  comparison  are  the  electrical  conductivities  of  a-Si  films  prepared  by  the  conventional  Silane  glow  discharge  process 
The  parameter  in  the  figure  is  the  fraction  of  B  molecules  in  the  feed  gas,  which  is  approximately  equal  to  the  B  fraction  in  the 
coatings  ^^It  may  be  seen  that  the  electrical  conductivity  is  comparable  to  the  conventional  films  are  high  temperatures,  while 
it  is  considerably  better  at  low  temperatures.  It  should  be  noted  that  the  conventional  films  are  hydrogenated.  It  is  generally 
held  that  a-Si  has  numerous  ’dangling  bonds’,  which  serve  as  traps  to  conduction  electrons,  and  in  order  to  achieve  a 
reasonable  conductivity,  the  dangling  bonds  must  be  tied  with  hydrogen  atoms.  Conventional  a-Si  films  typically  contain  up 
to  20%  hydrogen  for  this  purpose.  Thus  it  is  noteworthy  that  the  conductivity  of  the  FVAD  a-Si  films  is  equal  to  or  better 
than  the  conventional  films,  despite  the  lack  of  hydrogenation  in  the  FVAD  films.  In  addition,  the  deposition  rate  achieved 
(8-10  A/s)  is  considerably  faster  than  typical  in  the  conventional  Silane  glow  discharge  process  (3i?/s). 

5.  CONDUCTING  TRANSPARENT  TIN  OXIDE  DEPOSITION  AND  FILM  PROPERTIES 

While  stoichiometric  Sn02  is  an  insulator,  Sn02_x  is  an  n-type  semiconductor  due  to  the  excess  of  Sn  donor  atoms  with 
respect  to  the  02-'^  This  material  is  characterized  by  a  large  band  gap,  and  is  thus  transparent  in  the  visible  range. 

Tin  oxide  thin  films  were  prepared  with  the  apparatus  shown  in  Fig.  1,  with  a  flow  of  O2  gas  in  the  vicinity  of  the 
substrate.  The  preparation  procedure  included  pumping  the  chamber  to  a  pressure  of  5x10“^  Torr,  adjusting  the  needle  valve 
which  controls  the  gas  flow  for  a  pressure  of  500-800  mTorr  while  pumping  only  with  a  mechanical  roughing  pump,  and 
igniting  the  arc.  Initially,  the  plasma  beam  is  confined  to  the  vicinity  of  the  electrodes.  However,  during  the  course  of  the  first 
5-15  s  of  arcing,  the  plasma  beam  pumps  the  gas  in  the  chamber  in  a  manner  similar  to  a  Ti  sublimation  pump,  during  which 
time  the  plasma  beam  gradually  advances  until  it  propagates  along  the  entire  length  of  the  system,  and  the  pressure  in  the 
deposition  chamber  decreases  to  the  1-10  mTorr  range.  When  the  steady  state  pressure  was  reached,  depositions  at  rates  up  to 
100  A/s  were  obtained.^^ 

The  characteristics  of  the  coatings  obtained  depend  very  much  on  the  deposition  and  post  deposition  parameters,  and  most 
particularly,  on  the  oxygen  pressure  and  on  post  deposition  annealing.  All  of  the  films  obtained  at  deposition  substrate 
temperatures  less  than  350  C  were  amorphous.  As  a  function  of  increasing  O2  pressure,  both  the  optical  transmission  and  the 
conductivity  of  the  films  improved,  while  the  deposition  rate  decreased.  Generally  optimal  sheet  conductivities  were  obtained 
at  a  pressure  of  about  6  mTorr. 


Post  arc  annealing  to  temperatures  in  excess  of  350  C 
caused  the  films  to  begin  to  crystallize,  and  for  the 
conductivity  to  decrease.  Films  heated  to  temperatures  of 
over  550  C  were  totally  crystallized.  X-ray  diffraction  of  the 
crystallized  films  revealed  reflections  characteristic  of  Sn02 
when  the  films  were  prepared  with  pressures  in  excess  of 
6  mTorr,  but  contained  reflections  characteristic  of  SnO  if 
the  films  were  prepared  at  lower  pressures.  In  contrast,  if  the 
films  were  annealed  to  temperatures  of  less  than  300  C,  a 
non-reversible  increase  in  conductivity  was  observed,  as 
shown  in  Fig.  6.  The  best  films  had  optical  transmissions  in 
excess  of  85-90%,  and  a  conductivity  of  7x10"^  Q-cm, 
which  is  equivalent  to  the  best  value  reported  in  the 
literature  for  undoped  tin  oxide  thin  film.^^  The  deposition 
rate  obtained  using  FVAD  was  an  order  of  magnitude  faster 
than  with  the  previous  method,  however. 


Fig.  6.  Non-reversible  decrease  in  resistivity  by  post 
deposition  annealing. 
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6.  APPLICATIONS 

Transparent  conductor  and  a-Si  thin  films  have  numerous  applications,  present  and  future,  as  indicated  in  Table  I.  Several 
applications  are  particularly  noteworthy,  as  they  would  exploit  the  combined  abilities  of  FVAD  to  produce  high  quality  films 
at  high  deposition  rates. 

Photovoltaic  solar  cells  have  the  potential  to  provide  energy  in  convenient  electrical  form  from  a  ’free’  source.  The 
difficulty  is  the  current  high  cost  of  producing  the  solar  cells  per  power  production  capacity,  5-8$/W,  limit  the  economical  use 
of  solar  cells  to  isolated  installations  such  as  satellites,  and  cellular  telephone  repeater  stations.  Amorphous  silicon  solar  cells, 
based  on  p-i-n  diode  structure,  with  a  transparent  conductor  window-electrode,  have  been  proposed  as  a  means  of  lowering 
the  cost,  due  to  the  potential  for  low  cost  mass  production.  While  cells  are  this  nature  are  now  routinely  produced  in  large 
scale,  so  far  their  price  has  not  gone  below  that  of ’expensive’  single  crystal  wafer  solar  cells,  due  to  the  cost  of  Si  in  the  form 
of  Silane  gas  (SiH4)  and  its  attendant  safety  and  health  hazards,  as  well  as  the  low  deposition  rates  in  the  conventional 
production  technologies.  In  addition,  a-Si  solar  cells  suffer  from  a  radiation  degradation  effect,  believed  to  be  associated  with 
rearrangement  of  the  H  atoms.  In  contrast,  FVAD  produced  heavily  doped  a-Si  films  with  good  conductivity  without 
hydrogenation,  using  solid  Si  as  the  feedstock,  and  at  a  deposition  rate  larger  than  the  conventional  Silane  glow-discharge 
method.  Furthermore,  increases  in  the  deposition  rate  are  expected  with  he  introduction  of  multi-finger  independently  driven 
cathodes.  Thus,  while  much  work  remains  to  be  done,  FVAD  has  the  potential  for  producing  solar  cells  with  better 
performance  and  lower  cost. 

Active  Matrix  Liquid  Crystal  Displays  (AMLCD's)  have  become  increasingly  popular  in  high-end  ’laptop’  and  ’notebook’ 
personal  computers.  Each  picture  element  Each  picture  element  (pixel)  is  a  multilayer  device  including  transparent  conducting 
electrodes,  the  liquid  crystal,  and  in  a  comer  of  the  pixel  a  thin  film  a-Si  field  effect  transistor.  The  cost  of  these  devices  could 
probably  be  lowered  if  a  higher  deposition  rate  coating  technology  could  be  employed  to  improve  the  throughput,  without 
adversely  affecting  defect-free  yield.  FVAD,  with  its  higher  deposition  rate  for  both  the  transparent  conductor  and  the  a-Si 
layers,  may  have  this  potential. 

In  addition,  there  are  many  applications  for  transparent  conductors  alone;  automobile  windshield  defrosters  will  be 
discussed  as  an  example.  The  basic  concept  is  simple:  the  transparent  conductor  is  applied  onto  a  vehicle  windshield,  and 
used  as  a  heating  element.  This  concept  has  been  applied  to  aircraft  cockpits  for  some  time,  and  more  recently  to  luxury 
automobiles.  Using  conventional  sputtering  technology,  the  available  coatings  are  expensive,  and  their  high  resistivity 
requires  a  supplemental  power  supply.  Further  development  of  the  FVAD  process  to  achieve  resistivities  of  10“^  Q-cm  and 
modest  improvements  in  the  macroparticle  filter  throughput  to  levels  already  achieved  in  other  laboratories  would  permit  the 
deposition  of  a  1  pm  thick,  1  Q/D  coating  which  could  be  powered  from  the  native  automotive  alternator  and  melt  a  layer  of 
ice  in  about  5  minutes.  The  cost  of  the  deposition  in  a  mass  production  environment  is  projected  to  be  approximately  $10, 
which  would  facilitate  its  deployment  even  in  popularly  priced  vehicles. 


7.  DISCUSSION  AND  CONCLUSIONS 

FVAD  thin-films  have  unique  and  surprising  properties,  when  viewed  in  the  context  of  results  achieved  with  other 
techniques.  In  the  tin  oxide  films,  best  conductivity  was  achieved  so  far  with  amorphous,  rather  than  crystalline,  films.  With 
the  a-Si  films,  good  conductivity  doped  films  were  achieved  without  hydrogenation  to  tie  dangling  bonds.  The  explanation  for 
these  results  may  prove  to  be  prosaic.  The  poor  conductivity  of  the  crystalline  tin  oxide  films  may  be  due  to  grain  boundaries 
and  stresses  induced  during  post  deposition  crystallization,  and  perhaps  better  results  will  be  achieved  if  high  substrate 
temperatures  are  used  to  deposit  crystalline  films  directly.  The  high  room-temperature  conductivity  of  the  FVAD  a-Si  films 
may  be  the  result  of  undesirable  hopping  conduction. 


On  the  other  hand,  it  is  also  possible  that  the  explanation  is  more  profound,  namely  that  FVAD  amorphous  films  are 
different  than  amorphous  films  produced  by  other  techniques.  From  the  analogous  work  in  carbon  films,  it  has  been  shown 
that  FVAD  films  have  predominantly  sp^  bonding,  while  hydrogenated  films  deposited  by  other  techniques  have 
predominantly  sp^  bonding.  Furthermore,  there  are  reports  that  FVAD  diamond  like  carbon  films  are  denser  and  harder  than 
natural  diamond.  Molecular  dynamic  simulation  of  Ti  deposition  have  shown  that  when  low  energy  atoms  form  a  film,  the  low 
surface  mobility  results  in  a  low  density  structure  with  micro-voids,  while  a  high  density  structure  is  obtained  if  a  mix  of  low 
energy  and  high  energy  particles  form  the  film.  One  may  speculatively  extrapolate  that  if  all  the  depositing  particles  were  high 
energy,  as  would  be  typical  in  FVAD,  that  even  higher  density  would  be  achieved.  Applied  to  the  covalent  sp^  structure  of 
both  C  and  Si,  it  may  be  that  low  energy  deposition  leads  to  voids,  and  hence  dangling  bonds,  while  the  high  energy  of  the 
depositing  particles  in  FVAD  leads  to  a  denser  structure  with  fewer  dangling  bonds,  and  hence  to  good  conductivity  without 
hydrogenation  in  the  FVAD  a-Si  films. 
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In  conclusion,  FVAD  has  been  shown  to  produce  films  of  doped  a-Si  and  undoped  amorphous  tin  oxide  having 
conductivities  equivalent  or  better  than  those  produced  by  other  techniques  at  deposition  rates  3-10  times  larger.  With  further 
development,  the  FVAD  technique  may  find  application  in  the  production  of  solar  cells,  AMLCD's,  windshield  defrosters, 
and  other  electronic  and  optical  applications.  Further  work  on  the  correlation  of  film  properties  to  deposition  conditions  are 
indicated,  including,  in  particular,  the  effect  of  substrate  biasing. 
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ABSTRACT 

The  paper  discusses  experimental  data  which  indicate  that  type  2 
cathode  spots  originate  only  on  oxide-cleaned  metal  surfaces.  The  su¬ 
ggestion  is  made  that  an  instant  at  which  an  ion  resonance  recharging 
starts  to  play  an  active  role  in  a  near-cathode  region  can  oe  taken 
as  a  criterion  of  type  2  spot  origination. 

1.  Introduction 


At  present  a  spot  type  is  usually  characterized  by  a  set  of  para¬ 
meters  such  as  spot  velocity,  luminosity,  life  time,  current  and 
a  character  of  a  metal  erosion'.  Type  1  spots  are  faint  and  rapidly 
moving,  have  short  life  time  and  a  small  spot  current.  They  produce 
bpanchy  erodod  aPGas  on  a  CBtliodG  supfnco#  Typ6  2  spots  a,P6  chBPactB— 
rized  by  a  low  mobility,  high  luminosity,  prolonged  life  time,  a  g^e^t 
spot  current  and  a  deep  metal  erosion  in  the  form  of  fused  craters  . 
The  aforesaid  also  pertains  to  spots  freely  functioning  in  a  discharge 
zone.  A  significant  alteration  of  one  or  several  spot  parameters  can 
be  obtained  by  changing  a  surface  micro structure  with  the  rest  remai- 
ning  ■unchangod*  The  same  effect  can  be  also  achieved  by  some  other  ex— 
ternal  factors,  e.  g.  a  magnetic  field.  This  result  in  some  mcertain- 
ty  when  identifying  spots.  Thus,  slowed-up  type  1  spots  remain  faint 
with  a  small  erosion  effect  and  accelerated  type  2  spotg  retain  a  high 
luminosity  but  decrease  the  degree  of  a  surface  erosion  .  The  above 
facts  motivate  a  need  for  an  extensive  study  of  cathode  spots  under 
various  conditions  and  thus  a  search  for  a  criterion  of  type  2  spot 
originating. 


2.  EXPERIMENTAL  CONDITIONS 

The  dynamics  of  cathode  spots  in  vacuum  was  studied  using  multip— 
Xe  iiigli— current  pulse  discharges  repeated  at  one  and  the  same  site 
with  electrodes  placed  coaxial  for  the  purpose  of  decreasing  a  magne¬ 
tic  field  effect  of  cur-rent -carrying  elements.  A  face  of  30-mm  dia. 
cylinder  served  a  cathode  working  surface.  The  cathode  was  placed ^in¬ 
side  an  anode  which  was  made  in  the  form  of  a  hollow  copper  c^linoer 
with  an  internal  diameter  of  50  mm.  The  base  of  the  anode  was_^capped 
with  a  copper  mesh  (1x1  nim  cell)  which  had  a  15“mm  dia.  winaow  Ij.). 
the  center  for  observation  of  a  charge  development.  A  triggering  tung¬ 
sten  wire  electrode  0.5  mm  in  diameter  \'?as  placed  near ^ the  cachode 
working  surface.  The  interelectrode  length  i.  e.  che  distance  oetweeii 
a  cathode  face  surface  and^.an  anode  mesh  was  5  rnm.  _The  discharges  wexj 
burnt  in  a  vacuum  of  5*10“^  Pa  at  an  initial  capacitor  voltage  oi  2  . 
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A  unipolar  current  pulse  had  a  shape  close  to  that  of  a  bell^with 
2.5*10~  ~s  duration  and  a  maximum  current  of  2»  10'^A  at  6*10~'^s. 

The  dynamics  of  these  processes  was  studied  with  the  aid  of  high¬ 
speed  photorecorder  in  a  framewise  regime  with  the  exposure  of  4*10  s. 
The  high-speed  photorecording  was  carried  out  normal  to  a  cathode  wor¬ 
king  surface.  Commercial  pure  metals  such  as  copper,  iron,  zirconium, 
aluminium,  magnesium,  zink  and  tin  with  corresponding  oxides  were  used 
as  cathode  materials. 


3.  SXPERIMEHTAl  RESULTS 

As  it  follows  from  high-speed  photograms  the  first  discharge 
occuring  on  oxidized  cathodes  made  of  all  metals  under  study  is  chara¬ 
cterized  by  a  radians'^  expanding  zone  with  a  more  bright  boundary 
formed  by  rather  uniformly  and  closely  distributed  spots  (fig.  1  a). 


fig.  1.  fragments  of  high-speed  photograms  of  discharges  (2  kA)  in 
vacuum  (5‘10“^  Pa)  on  Cu  cathode:  b)  without  and  a)  with  oxide  film. 

The  velocity  of  a  spot  (70  to  100  m/s),  a  character  of  its  luminescent 
ce  and  surface  erosion  are  Indicative  of  type  1  spot  formation.  How¬ 
ever,  a  higher  luminosity  and  a  lower  velocity  (30  m/s)  of  spot  expan¬ 
sion  in  the  form  of  a  ring  are  observed  only  v/ith  a  discharge  occuring 
on  zink  or  magnesium  cathodes.  The  velocity  of  expanding  a  ring  formed 
by  type  1  spots  increases  with  enhancing  the  number  of  discharges  re¬ 
peated  at  one  and  the  same  site,  for  example,  the  velocity  amounts  to 
200  m/s  for  a  30th  discharge  on  a  copper.  In  this  case  a  discontinuous 
ring-like  area  is  observed  and  bright  type  2  spots  originate  in  a  cen-- 
tral  discharge  part. 

The  originating  of  type  1  spots  is  observed  during  subsequent 
discharges  only  in  the  form  of  Independent  bounded  clusters  which  ex¬ 
pand  at  a  great  velocity  from  a  site  of  a  discharge  initiation  to 
a  periphery.  Except  several  Isolated  type  2  spots  formed  near  a  tri¬ 
ggering  site  most  of  these  spots  originate  in  a  central  cathode  part 
in  the  form  of  a  ring  expanding  at  a  much  slower  velocity. 

After  passing  several  discharges  there  occurs  a  complete  surface 
cleaning  from  oxides  and  contaminations  and  an  evolution  pattern  of 
each  subsequent  discharge  is  actually  repeated.  In  this  case  type  2 
cathode  spots  are  immediately  formed  in  the  site  of  a  discharge  initir- 
ation  in  the  shape  of  a  ring  expanding  at  the  velocity  of  30  to  60 
m/s  (fig.  1  b). 
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The  electron  temperature  was  evaluated  relative  A1  ion  line  inten¬ 
sities  such  aSp448,  451.2  and  452.9  for  spots  of  both  types  on  an  alu¬ 
minium  cathode^.  T  is  equal  to  (16-19)*10'^  K  and  (11-15)*  10^  K  for 
type  2  and  type  1  Spots,  respectively.  Prom  this  evaluation  of  elect¬ 
ron  temperature  values  it  follows  that  processes  occuring  in  type  2 
spots  have  a  higher  energy  level  than  those  in  type  1  spots. 

4.  Discussion 


The  experiments  conducted  indicate  that  a  behaviour  of  type  1 
spots  is  associated  with  their  originating  and  functioning  on  a  cathode 
surface  layer.  The  latter  is  characterized  by  the  presence  of  oxides 
and  elements  loosely  bound  to  a  basis.  The  layer  has  sharp  microirre¬ 
gularities  which  is  inevitable  result  of  grinding  and  polishing.  It 
would  appear  reasonable  to  suggest  that  the  layer  can  easily  interact 
with  an  expanding  plasma  and  "be  burnt  out"  by  it  at  a  relatively  low 
process  energy  level.  This  can  account  for  a  branchy  shape  of  type  1 
spot  traces,  a  high  spot  velocity  which  is  comparable  with  that  of 
a  plasma  scattering,  a  short  life  time  and  a  weak  erosion  effect. 
Therefore,  an  artificial  contraction  of  spots  which  results  in  their 
higher  density  does  not  lead  to  a  significant  increase  of  a  surface 
erosion  and  luminosity.  Thus,  there  occurs  a  situation  at  which  type 
1  spots  are  functioning  though  their  velocity  is  not  high.  It  can  be 
inferred  that  a  plasma  component  of  type  1  spots  is  contaminated  or 
multicomponent  with  an  uncertain  relationship  between  the  components. 

So  cleaning  the  surface  provides  the  basis  for  originating  and  functi¬ 
oning  of  new-type  spots  with  a  greater  plasma  density  over  them  and 
a  higher  energy  level  of  internal  processes.  This  is  the  cause  of 
their  stability,  sufficient  independence,  prolonged  life  time,  a  low 
mobility  and  consequently  a  great  erosion  effect.  These  spots  require 
an  additional  energy  source  the  role  of  which  can  be  fulfiled  by 
an  ion  resonance  recharging.  The  latter  can  ensuce  an  effective  heating 
of  a  neutral  component  in  a  plasma  over  a  spot  up  to  a  level  of  a  sig- 
nlflca.nt  thermal  ionization.  The  density  and  purity  of  a  spot  vapour 
are  necessary  and  sufficient  conditions  for  this  process  to  occur. 

This,  propably,  completely  ensures  the  conditions  for  originating 
type  2  spots  only  on  a  cleaned  surface  of  both  fusible  and  refractory 
metals.  Therefore,  starting  an  active  ion  resonance  recharging  can  be 
reasonably  considered  the  instant  of  originating  type  2  spots  and 
accepted  as  a  criterion  of  this  phenomenon.  So  the  indent if icat ion  of 
type  1  spots  can  be  effected  by  taking  into  account  the  absence  or 
a  very  low  intensity  of  an  ion  resonance  recharging  due  to  a  contamina¬ 
tion  of  a  medium.  The  acceptance  of  this  criterion  simplifies  and 
allov/s  a  more  exact  identification  of  spots.  It  should  be  noted  that 
Kakhovsky  and  Beilis^  and  Nagaibekov^  consider  the  process  of  ion 
resonance  recharging  as  that  having  a  big  value  of  section.  In  the  pa- 
par-^  the  authors  state  that  the  above  process  results  in  establishment 
of  Maxwell  ion  distribution  in  a  near-cathode  layer  and  in  the  paper^ 
the  author  thinks  that  it  leads  to  the  formation  of  a  near-cathode  ion 
layer  which  increases  an  electric  field  strength. 

The  conditions  for  originating  type  2  spots  are  established  by 
a  surface  cleaning  and  heating  a  base  metal.  As  it  follows  from 
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the  experiments  these  conditions  are  primarily  achieved  in  the  areas 
of  a  higher  type  1  spot  density  and  especially  pronounced  when 
the  temperature  of  decomposition  and  melting  of  oxides  is  higher  than 
that  of  metals.  This  is  responsible  for  a  faster  originating  of  type  2 
spots  on  tin,  zink  and  magnesium  than  on  more  stable  metals.  A  surface 
cleaning  results  in  a  surface  roughness  increase  and  as  a  consequence 
establishment  of  conditions  required  for  increasing  an  effectiveness 
of  an  explosive  electron  emission  mechanism"^.  This  ensures  a  sufficient 
density  of  a  near— cathode  plasma  with  the  parameters  adequate  for 
proceeding  the  process  of  ion  resonance  recharging  and  stable  functio¬ 
ning  of  type  2  spots. 


5.  CONGLUSIOh 

Thus,  the  experimental  data  indicate  that  type  2  cathode  spots 
originate  only  on  cleaned  surface  of  the  metals  investigated.  Probably, 
the  general  cause  of  this  factor  is  an  ion  resonance  recharging  in 
a  near— cathode  plasma  layer.  The  classification  of  spots  helps  to  dis¬ 
tinguish  with  a  substantial  degree  of  certainty  between  type  1  and 
type  2  spots  on  assumption  of  a  dominant  role  played  by  an  ion  reso¬ 
nance  recharging  in  type  2  spots  and  its  absence  in  type  1  spots. 
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ABSTRACT 

This  paper  reports  studies  of  contact  admixtures  effects  on 
recovery  voltages  of  contact  pairs  when  admixtures  have  a  form  of 
multiple  inclusions  of  some  metal  oxides  introduced  into  standard 
contact  material  CuCr  50/50. 

The  breakdown  and  recovery  voltage  studies  of  these  materials 
were  carried  out  at  a  simulating  circuit  with  load  current  up  to  300 
A  and  freguencies  50  kHz  -  120  kHz.  Grains  of  alumina,  and  hafnium, 
lithium  and  lanthan  oxides  were  used  as  inclusions. ^  CuCr  50/50  with 
small  tungsten  chips  was  used  as  reference  material.  Statistical 
characteristics  of  recovery  voltages  were  obtained  for  these 
materials  and  some  promising  compositions  were  selected  for  future 
studies. 

2 .  INTRODUCTION 


One  of  the  ways  to  improve  high-frequency  performance  of  vacuum 
circuit  breakers  (and  first  of  all  to  decrease  recovery  voltage 

after  arc  extinction)  is  suggested  to  use  additives  of  easily 
evaporative  substances  to  standard  copper-chromium  contacts.  The 
authors  [1]  demonstrated  that  e.g.  lithium  oxide  inclusions  reduced 
significantly  recovery  voltage  in  a  special  device  simulating^  a 
vacuum  switch.  This  effect  was  attributed  to  low  ionization  potential 
of  lithium  and,  probably,  to  low  work  function  of  metallic  lithium. 

This  paper  reports  results  of  similar  tests  for  inclusions  of 
following  oxides:  Li^O,  Al^O^,  HfO,  ^^2^3  into  CuCr  matrix. 

Application  of  these  oxide  inclusions  has  an  additional  advantage 
that  they  increase  voltage  of  cold  breakdown  comparing  to  standard 
CuCr  contacts  [2]  in  contrast  to  the  Latham ^s  concept  of  emission 
sites  as  dielectric  or  semiconductive  inclusions  [3]. 

3 .  EXPERIMENTAL 

Experiments  were  carried  out  in  a  high-vacuum  chamber  oil— free 
pumped  with  residual  pressure  as  low  as  10  Tor.  Contacts  being 
tested  were  separated  with  interelectrode  gap  0,1-0,25  mm.  An 
electrical  circuit  simulating  the  real  electrical  circuit  ^  in  which 
vacuum  breakers  are  used  is  shown  at  the  Fig.  1.  Changable  inductance 
coils  L  and  a  group  of  capacities  Co  allowed  to  have  frequencies  of 
arc  current  oscillations  in  the  range  50'^-120  kHz. 

Samples  for  tests  were  manufactured  by  sintering  of  51  vol.  of 
chromium,  44  vol.  %  of  copper  and  5  vol.  %  of  an  oxide  of  specific 
metal.  The  reference  samples  consisted  of  51,2  vol.  %  of  chromium  and 
48,8  vol.  %  of  copper  and  were  formed  by  melting.  They  had  tungsten 
chips  embedded  into  a  matrix.  These  latter  samples  were  practically 
pore-free . 
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Samples  with  alumina  inclusions  were  of  two  types  -  with 
macro-size  inclusions  (~  20-50  mKm  dia)  and  with  sub-micron 
inclusions  of  alumina. 

Samples  were  formed  as  cylinders  with  diameter  14  mm.  Their  butts 
were  polished,  degreased  in  alcohol  and  then  washed  in  an  ultrasonic 
cleaner  in  mixture  of  aceton  and  alcohol. 


Fig.  1.  Test  circuit  for  recovery  voltage  studies. 

An  oscilloscope  Tektronix  7623  A  was  used  for  recording  voltage 
measured  by  an  RC-divider  at  the  electrode  pair.  Arc  current  was 
monitored  by  a  current  shunt.  The  experiments  reported  here  were 
carried  out  at  arc  current  amplitude  I  arc  up  to  300  A. 


4.  RESULTS 


Typical  experimental  oscillograms  of  recovery  voltage  for 
material  with  Li^O  inclusions  are  shown  at  the  Fig.  2.  Fig.  2a)  shows 

details  of  an  arc  stage  of  current  interruption  whereas  Fig.  2b) 
demonstrates  a  sequence  of  multiple  voltage  transients  and 
reignitions  of  arc  in  the  simulating  circuit.  We  demonstrate  this 
latter  oscilloscope  “ace  only  to  show  that  repetitive  breakdown  of 
the  gap  takes  pla  t  reduced  voltage  comparing  to  the  first 


Fig.  2.  Typical  oscillograms  of  transient  recovery  voltage  (gap 
0,1  mm  between  electrodes  with  Li^O)  . 
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Fig.  3.  Correlation  between  arc  burning  time  and  recovery 
voltage  (gap  0,1  mm,  electrodes  with  microsized  alumina:  A  -  first 
run,  X  -  second  run,  o  -  third  run,  L  =  120  mkH) . 


breakdown  of  tested  electrode  gap  (4,9  kV  in  this  example).  This 
result  is  known  as  "hot  breakdown"  voltage  [4]  and  some  speculations 
on  its  nature  are  proposed  using  correlation  between  the  voltage  and 
the  time  elapsed  after  arc  extinction.  However,  we  observed  poor 
correlation  between  this  time  and  "hot  breakdown"  voltage.  So  we 
shall  not  speculate  on  the  result.  Definite  correlation  was  obtained 
for  arc  stage  duration  and  the  recovery  voltage  for  all  materials 
tested  and  typical  groups  of  data  are  shown  at  Fig.  3. 

We  observed  also  unusual  fast  arc  reignitions  (in  about  ten  mKs 
after  arc  extinction)  in  ~  5  %  of  tests  for  samples  with  HfO  or  Li^O 

inclusions  (see  Fig.  4).  Data  on  arc  burning  time  and  recovery 
voltage  were  statistically  treated  for  all  samples  of  materials.  We 
got  cumulative  probability,  distribution  function  and  Weibull  plots 
for  recovery  voltage  data  (see  Table) .  All  samples  with  inclusions 
are  seen  to  have  reduced  mean  values  of  recovery  voltage  comparing  to 
the  reference  material  CuCr/W  chips.  Weibull  plot  index  m  shows  the 
spread  of  data  and  this  parameter  depends  on  the  circuit  inductance 
and  on  the  material . 


reignition 


Fig.  4.  An  example  of  fast  arc  reignition  for  electrodes  with 


Li  O 
2 


inclusions. 
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Table 


L  = 

120  mkH 

.  L  “  60  mkH 

u 

t 

m 

i 

u 

t 

m 

i 

r 

«r 

r 

•re 

kv 

aver. 

A/s 

kV 

aver. 

A/b 

mks. 

mks. 

5,1 

79,5 

3,86 

4,3-10*^ 

3,26 

74 

3,36 

5,4-10^ 

* 

7 

6,14 

81 

5,1-10 

CuCr/Al^ 

2,29 

72 

9,1 

1,9-10^ 

2,2 

52 

6,3 

3,7*10^ 

CuCr/Al^O^ 

2,29 

** 

69 

8,15 

1,4-10^ 

2,3 

52,5 

5,7 

3,8-10^ 

microsized 

2,0 

Cucr/Lio^ide 

1,67 

63 

5,45 

1,8-10^ 

1,39 

55 

3,6“ 

2,3-10^ 

CuCr/Hf  . , 

'  oxide 

2,18 

82 

5,15“ 

1,7-10^ 

2,02 

74 

- 

3,310’’ 

CuCr/La^^-d^ 

2,06 

71 

6,25 

2-10^ 

1,89 

62 

4,35 

3,15-10 

•k 

2,4 

73 

7,9 

L  =  20  mkH 

2,2 

28 

1,21 

1,1-10® 

i 

CuCr/Al^  0^ 

0,63 

30 

4,5 

3, 15-10’ 

CuCr/Al^Og 

microsized 

1,3 

10 

2,7 

6,5-10’ 

CuCr/Li 

oxide 

0,29 

35 

i 

1,45-10’ 

CuCr/Hf 

oxide 

0,45 

33 

- 

2,3-10^ 

CuCr/La 

oxide 

0,64 

33 

2,74“ 

3,2-10’^ 

*)  -  after  long-tenn  600  arcings)  conditioning, 

**)  ••  after  opening  of  the  vacuum  chamber  and  rearrangement  of  the  samples, 

-  Weibull  plot  is  slightly  curvy 

Another  parameter  determining  high-frequency  oscillations  of 
voltage  is  k  =  (were  is  marked  at  the  Fig.  2a),  and  depends 

on  L  and  stray  capacity  of  electrodes  in  the  vacuum  chamber:  L  =  20 
mlcH,  k  =  1,45;  L  =  60  mkH,  k  =  1,79;  L  =  120  mkH,  k  =  1,9. 

The  table  shows  di/dt  corresponding  to  recovery  voltage:  di/dt  = 
This  parameter  is  proposed  sometimes  to  be  a  criterium  of 

recovery  voltage  in  switches.  If  it  is  so  it  would  be  ci  constant 
Specific  for  certain  material  for  wide  range  of  circuit  parameters 
(e.g.  inductance  L) .  The  table  shows  that  it  is  not  the  case. 


SPIEVol.  22591  103 


5.  ACKNOWLEDGMENTS 


The  authors  would  like  to  acknowledge  the  assistance  of  V.M. 
Rossomagin  and  A.P.  Alexeyev  in  experimentation. 

6. REFERENCES 


1.  M.  Lindmayer,  E.-D.  Wilkening,  "Breakdown  of  short  gaps 
current  zero  of  high  freguency  arcs",  Proc.  XIV  Int.ern.  Symp.  on 
Disch.  and  El.  Insul.  in  Vacuum,  pp. 234-241,  Santa  Fe,  1990. 

2.  A.P.  Alexeyev,  A.M.  Chalyi,  V.A.  Nevrovskyi,  V.I.  Rakhovskyi, 
"Study  of  breakdown  characteristics  of  copper-chromium  with  multiple 
inclusions",  Proc.  of  the  Intern.  Symp.  on  El.  Contacts.  Theory  and 
Applications ,  pp.  110-113,  Almaty,  1993. 

3.  R.V.  Latham,  "Prebreakdown  electron  emission",  IEEE  Trans. 
Electr.  Insul.  Vol.  12,  pp.  194-203,  1983. 

4.  Y.H.  Fu,  R.P.P.  Smeets,  "An  experimental  investigation  on  high 
freguency,  vacuum  arc  interruption  at  small  gap  lengths",  Proc.  XIV 
ISDEIV,  pp.  475-479,  Santa  Fe,  1990. 


104/SPIEVol.  2259 


Electrode  geometry  and  material  effects  on  the  cathode 
spot  dynamics  in  a  high-current  vacuum  arc 

^  )lf  ykr 

A.M.Chaly  ,  A. A.Logatchev  ,  S.M.Shkol 'nik 

•Irtvrida  Electric  LTD 
Dorozhnyi  proezd.  9/10,  Moscow,  Russia 

A. F. Ioffe  Physical -Technical  Institute  RAS, 
Polytechnicheskaya  26,  St .Petersburg,  194021  Russia 


ABSTRACT 

Comparative  characteristics  of  the  cathode  processes  in  the  discharge  with  electro¬ 
des  of  pure  metal  and  of  CuCr  composition  are  presented.  The  effect  of  the  gap,  elect¬ 
rode  shape  and  other  geometric  factors  on  the  cathode  spots  dynamics  is  investigated. 
The  accomplished  investigations  allowed  to  elaborate  methods  to  influence  the  cathode 
spot  dynamics  by  geometric  factors. 


1 . INTRODUCTION 

In  the  diffuse  mode  of  a  high-current  vacuum  arc  the  cathode  is  the  main  source  of 
plasma  producing  substance.  The  plasma  parameters  in  the  gap  and  consequently  the  arc 
integral  characteristics  are  determined  by  the  dynamics  of  the  emission  centers  -  ca¬ 
thode  spots  (CS) .  It  has  been  shown  that  at  the  discharge  initiation  in  the  center  of 
substantial  butt  preliminary  trained  electrodes  (a  clean  surface)  of  a  pure  metal  at 
symmetric  current  supply  the  cathode  spots  form  an  expanding  ring"* .  The  influence  of 
the  current  waveform  ard  cathode  material  on  the  ring  expandirg  rate  V  has  been  studi¬ 
ed.  The  summary  of  the  results  is  given  in^.  Ascertained  is  that  the  CS  motion  is  due 
to  the  self-magnetic  field:  V=K-B  (K—  constant,  the  characteristic  of  the  cathode  ma¬ 
terial).  The  CS  dynamics  on  bimetallic  electrodes  is  investigated  in^. 

In  the  vacuum  circuit  breakers  (VCB)  the  place  of  ignition  and  the  electrode  center 
generally  do  not  coincide;  at  the  first  milliseconds  after  ignition  the  gap  is  shorter 
then  that  studied  in  .  Therefore  is  necessary  to  investigate  the  CS  dynamics  at  a  non¬ 
central  ignition,  as  well  as  at  small  gaps.  As  electrode  materials  for  VCB  the  main 
attention  is  attracted  by  compositions  Cu/Cr."*  Possible  peculiarities  of  CS  dynamics 
on  the  like  compositions  are  of  interest.  The  arc  transition  out  a  diffuse  mode  into  a 
contracted  one  with  current  arise  restricts  the  VCB  interrupting  capacity.  Usually  are 
considered  two  possibilities  to  solve  this  problem  asirg  special^ contacts  shapes:  by  a 
generation  of  a  radial  or  of  a  longitudinal  self-  magnetic  field'’.  Of  interest  is  an 
investigation  of  contact  configurations  changing  azimuth  component  of  the  self-  magne¬ 
tic  field.  This  permits  to  affect  the  CS  dynamics,  to  keep  the  spots  near  the  dischar¬ 
ge  axis,  or  retain  their  motion  to  the  pieriphery,  and  therefore  reduce  side  ion  los¬ 
ses.  Additionally  this  should  reduce  the  plasma  column  constriction.  Investigated  weie 
also  other  ways  of  influencing  these  processes  with  the  help  of  geometric  factors. 

2.E){PERIMENTAL  SET-UP  AND  METHODS 


The  experiments  were  carried  out  in  a  vacuum  chamber  at  continuous  pumpirg  (p'^'lD-.'- 
Torr) .  The  electrodes  were  made  of  composition  CuCrSOWS  and  OFHC  Cu.  Three  types  of 
pair  electrodes  were  used  (Fig.l).  Also  were  used  substantial  butt  electrodes  with 
rirg  shaped  groove  on  the  butt.  Internal  groove  diameter  and  its  depth  were  fixed  at 
36  and  2fflm  respectively.  Two  electrodes  of  this  type  were  tested:  D1  -  with  1mm  groove 
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width  and  D2  -  with  2min  width.  Ihe  contact  gap  h=l-r8  nan.  The  discharge  was  ignited  in 
the  cathode  center  (except  special  experiments)  and  fed  by  a  special  rectangular  vol¬ 
tage  pulse  generator  (U=115  V,  duration  0-5  ms),  enduring  of  I<6  kA.  Ihe  current 

(<100(us  front)  was  adjusted  by  a  resis¬ 
tor  in  series.  Registered  were  the  cur¬ 
rent  and  discharge  voltage;  there  were 
led  spectroscopic  measurements,  the 
cathode  surface  was  observed  at  a  small 
angle  by  a  high  speed  photography  (HSP) 
camera  (more  details  in  ) . 
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3.  EXPERIMENTAL  RESULTS  AND  DI5(USSIQN 

3.1.  The  cathode  spot  dynamics  on 
copper  chromium  composition  (A-type 
electrodes).  Unlike  the  pure  metal  ele¬ 
ctrodes  with  clean  trained  surfaces  where  CS  forin  an  ex¬ 
panding  ring  with  only  occasional  spots  inside,  high  CS 
activity  has  been  observed  inside  the  ring  for  copper 
chromium  electrodes.  The  ring  radius  r=r(t)  is  increasing 
under  other  equal  conditions  faster  than,  for  instance, 
on  the  OFHC  Cd  (fig. 2) .  Reaching  the  electrode  edge,  the 
spots  run  on  the  side  surface.  There  begin  intensive  os¬ 
cillations  of  the  current  and  of  the  voltage.  Our  expe - 
riance  obtained  with  gas  filled  electrodes*  prompts  Lo 
explain  described  pecularities  by  the  substantial  ammount 
of  dissolved  gases  in  a  composite  material .  Intensive 
lines  of  different  gas  admixtures  (hydrogen,  nitrogen, 
oxygen)  have  actually  been  observed  in  the  discharge 
radiation  spectrum.  We  have  also  noted  that  CS  activity 
inside  the  ring  slightly  diminishes  with  the  number  of 
discharge  though  remains  high  enough  after  lot  of  arcing. 

3.2.  The  effect  of  the  contact  gap  on  Wie  ^  dynamics 
(A-  type  electrodes).  Fig. 3  presents  the  dependencies  of 
the  CS  ring  radius  jn  timg.  Fig. 4.  presents  the  dependen¬ 
cies  of  the  value  t  (r(t  )=0.9R)  on  the  gap.  As  it  is 
obvious  from  fig. 3,4  the  rate  of  ring  expansion  tends  to 
decrease  with  gap  decrease.  The  explanation  of  CS  ring 
expansion  in^  does  not  take  into  consideration  such  depe¬ 


ndence.  According  to'  the  rate  of  CS  ring  expansion 
Fig.3.CS-dynamics  on  Cu  OFHC  should  not  depend  on  the  contact  gap.  Thus,  according  to 

the  presented  results  (see  fig. 4)  this  explanation  may  be 
directly  applied  only  for  relatively  long  gaps  (  Mmm) . 
Ihe  reason  of  the  observed  phenomena  may  be  as  follows. 
In  short  gaps  the  pressure  of  erosion  products  increases. 
It  is  known  that  this  may  lead  to  the  decreasing  of  CS 
velociLy'^.  Another  reason  may  be  determined  by  the  growth 
of  the  probability  of  CS  occurrence  in  the  region  of  inc¬ 
reased  pressure,  i.e.  near  the  center  of  the  electrode. 
We  mast  to  mention  that  the  authors  of  investigating  CS 
dynamics  for  gaps  3^5  mm  did  not  observe  such  effects. 
This  might  happen  because  of  the  use  of  the  grid  anode 
(necessary  for  the  cathode  observation)  that  did  not 
Fig. 4.  allow  to  increase  the  pressure. 
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The  effect  of  ttie  discharge  ignition  location.  (A-  type  electrodes)  Ihe  expe¬ 
riments  were  carried  out  at  the  discharge  ignition  at  a  distance  of  7  or  12  rnm  from 
the  center  of  the  electrode  out  of  CuCr  composition.  The  gap  h=4mm.  HSP  showed  that 
the  CS  form  a  ring  structure,  which,  expanding  with  the  rate  like  that  at  the  central 
discharge  initiation,  reaches  the  nearest  edge  of  the  electrode.  Some  spots  runs  on 
the  side  surface;  the  discharge  however  remains  relatively  low  noisy.  The  main  part  of 
CS  continue  to  propagate  over  the  butt.  An  essential  peculiarity  of  the  process  is  the 
growing  CS  front  deformation,  finishing  with  tearing  off  and  running  ahead  of  a  CS 
group.  In  some  cases  this  results  in  a  formation  of  small  CS  ring  near  the  main  ring. 
The  tearing  off  occurs  on  the  electrode  part  diametrically  opposed  to  that  where  the 
spots  have  already  reached  the  cathode  edge.  After  the  CS  has  embraced  the  whole  ca¬ 
thode  butt  the  ring  joins.  The  number  of  CS  running  on  the  side  surface  increases.  The 
discharge  becomes  noisy.  Thus  at  a  non-central  ignition  there  is  observed  a  ten¬ 
dency  to  embrace  by  the  CS  ring  the  whole  cathode,  to  the  discharge  symmetrization. 

Hi®  effect  of  the  self  magnetic  field  azimuth  component  variation  on  the  CS 
dynamics .  Using  the  B  and  C  type  electrodes  we  expected  to  vary  the  value  of  the  self 
magnetic  field  azimuth  component  near  the  cathode  surface  and  to  effect  in  accordance 
>.'ii.h  the  rate  of  the  CS  ring  expansion.  One  may  expect  that  for  B  type  electrodes 
this  rate  will  be  decreased  and  for  C  type  -  increased  compared  with  that  for  A  type. 
However  further  experiments  have  shown  that  for  copper  electrodes  for  different  cur¬ 
rents  (<6  kA)  and  contact  gaps  (I-t-8  mm)  the  dependencies  r(t)  have  no  differences  for 
A,  B  and  C  type  electrodes.  In  contrast  for  CuCr  electrodes  we  observed  the  variation 
for  different  electrode  types.  These  variations  were  most  essential  for  high  current 
(fig. 5.)  The  behavior  of  r(t)  curve  for  B  type  electrodes  corresponded  to  our  expecta¬ 
tion,  in  contrast  for  C  type  electrodes.  Experimental 
results  at  different  gaps  are  presented  in  fig. 6a.  It  is 
clearly  visible  that  variations  of  the  CS  dynamics  become 
negligible  with  the  decrease  of  contact  gap.  Fig. 6b.  pre¬ 
sents  obtained  results  for  relatively  low  current.  The 
accuracy  of  t  determination  in  low  currents  experiments 
is  lower  because  the  expansion  rate  is  small  especially 
at  h=l  mm.  The  discrepancy  of  obtained  experimental  re¬ 
sults  for  composite  electrodes  with  the  expected  ones  in 
the  C-  type  case  may  be  explained  laased  on  the  notions, 
discussed  in  3.2.  Really  if  the  rate  of  CS  expansion  for 
short  gaps  drops  because  of  the  increase  of  the  erosion 
products  pressure,  the  increase  of  the  azimuth  component 
of  self  magnetic  field  will  cause  the  growth  of  the 
force  preventing  plasma  radial  expansion.  And  vise  versa 
-  the  decrease  of  ^e  azimuth  component  will  cause  the 
decrease  of  the  jxB  force  as  well.  Thus  there  are  at 
least  two  factors  affecting  the  CS  dynamics;  note  that 
for  C—  type  electrode  they  affect  in  a  contrary  way.  Al¬ 
though  the  absence  of  noticeable  effects  for  the  Cu  elec¬ 
trodes  makes  the  presented  explanation  doubtful,  but  it 
does  not  give  sufficient  reasons  to  reject  it. 

.  The  results,  received  at  testing  the  composite  elect- 
rodes  of  the  B-  type  allow  to  expect  an  increase  of  the 
--^A  interrupting  capacity  of  the  like  contact  systems.  The 
effect  may  be  strengthened  by  taking  away  the  central 
a  part  of  the  electrode  butt.  Actually  interrupting  capaci¬ 
ty  tests  carried  out  on  special  set-up  for  the  ring  shape 
Fig. 6.  electrodes  proved  nearly  50%  higher  interrupting  capacity 

toen  that  for  the  substantial  butt  electrodes  of  the  same  diameter.  The  CS  dynamics 
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investigations  on  the  rirg^  electrodes,  enable  to  suggest,  that  this  is  a  result  of  a 
more  optimal  CS  distribution  on  the  electrode  -  a  significant  part  of  the  CS  is  retai¬ 
ned  near  the  inner  ring  edge  and  only  a  small  part  of  the  CS  runs  from  the  exterior 
edge  on  the  side  surface. 

3.5.  The  efficacy  of  the  cathode  surface  crrooving.  Since  on  the  clean  surface  a  new 
spot  is  formed  at  the  distance  x~p  ip-  a  spot  radius)  from  the  existing  one,  it  mny  be 

expected  to  delay  or  even  to  restrict  the  CS  expansion  by 
the  cathode  grooving.  The  experiments  indicated,  that  the 
grooving  effect  is  the  stronger  the  greater  is  the  groove 
width  and  the  less  are  the  current  and  the  contact  gap.  For 
instance,  on  the  electrodes  D1  at  h=8mm,  I=5kA  the  groove 
practically  did  not  effect  on  the  CS  dynamics.  But  at 
1=1. 5kA  the  spots  were  retained  on  the  inner  groove  side 
for  At%100  ps.  The  gro::'ve  widening  (electrodes  D2)  leads  to 
an  appearance  at  the  same  gap  and  I=5kA  of  a  small  delay, 
and  at  1=1. 5kA  -  to  an  increase  of  the  delay  up  to  Ar^iJiaO 
us.  The  reducing  of  the  gap  had  an  essential  effect: 
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' b  ''  '  SQO  '  '  €,6o  '  '  900  1=1. 5kA  at  h=3  mm  -  At%550  ps;  h=2  mm  -  during  the  whole 

recording  period  (1500  ps)  the  CS  did  not  overcome  the  gro¬ 
ove.  The  dependence  on  the  current  is  illustrated  in  the 

F-ig.7.  fig. 7.  It  is  essential,  that  for  a  short  gap  even  at  1=5  kA 

many  CS  did  not  overcome  the  groove.  HSP  of  the  cathode  surface  during  the  last  1.5  ms 
of  the  4.5  ms  discharge  duration  indicated  that  a  majority  of  CS  is  retained  on  an 

interior  groove  side.  By  changing  the  parameters,  as  well  as  the  number  of  the  grooves 

tlie  spot  dynamic  on  the  cathode  surface  may  be  effectively  managed  if  measures  are 
taken  to  centralize  the  ignition. 
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ABSTRACT 


Plasma  sheath  near  the  substrate  acts  an  important  role  in  Vacuum  Arc  Deposition  Technology(VADT).  To 
analyze  the  sheath  characteristics  of  the  substrate  in  VADT,  the  unique  ejection  pattern  of  the  cathode 
region  must  be  taken  into  account.  This  paper  describes  a  steady-state,  two-deminsion  sheath  model  in 
which  ions  distribute  specially  according  to  a  cosinoidal  law.  The  model  equations  can  be  numerical 
soluted  under  specified  conditions,  to  describe  the  sheath  behavior  of  the  substrate  in  the  process  of 
titanium  film  deposition  using  VADT.  The  model  can  be  used  for  calculation  of  ion  flux  and  heat  flux 
flowing  to  the  substrate  in  VADT,  or  in  some  other  cases  in  which  biased  conductors  were  in  vacuum  arcs 
with  chathode  spots. 


i.  INTRODUCTION 


Vacuum  arcs  have  been  extensively  studies  for  tens  of  years  because  of  their  importance  as  circuit¬ 
breaking  components  in  vacuum  switchgears .  Recently  vacuum  arcs  have  been  used  for  surface  modifica¬ 
tion,  i.e.  for  the  deposition  of  various  films  on  workpieces  that  need  some  special  surface  performances, 
such  as  microhardness,  wear-  and  corrosion-resistance,  colour  etc.  Pure  metals,  alloys  and  compound  films 
can  be  produced  by  Vacuum  Arc  Coating  Technology(VADT).  Some  reviews and  various  coating 
processes  and  devices  have  been  introduced  in  the  literatures.  I 

While  it  has  been  widely  utilized  in  coimnercial 
purpose,  VADT  has  been  studied  in  laboratory  by  a 
lot  of  researchers.  However,  theoretical  knowledge 
still  remains  not  enough  to  uncover  the  essential 
principles  of  VADT  at  present.  Some  researchers  sug¬ 
gested  a  theoretical  outline  in  which  a  step-by-step 
model  works,  i.e.  the  process  of  VADT  can  be  devided 
into  three  continuous  steps  according  to  movement  of 
the  deposition  species  .  The  deposition  parti- 
cals  are  generated  in  the  electrode  regions  (here 
and  below  we  refer  them  to  cathode  regions),  then 
transport  in  the  arc  column  from  their  source  to  the 
substrate  which  is  usually  negatively  biased.  At 
last  they  reach  the  sheath  around  the  subatrate  and 
deposited  to  or  reflected  from  the  substrate.  Fig. 1. 
shows  schematically  the  different  region  according 
to  the  above  theoretical  outline. 

It  is  the  sheath  region  that  connects  the  plasma  in  the  arc  column  to  the  deposition  surface.  Before 
impacting  and  deposited  to  the  substrate,  the  ions  are  attracted  and  accelorated  by  the  sheath  region. 
Ion  energy  is  critical  to  the  structure  of  the  film,  the  temperature  of  the  substrate  and  deposition  rate. 
The  effects  of  ion  bombardment  on  the  film  formation  are  introduced  by  some  authors^’’  The  ions  gain 
great  part  of  their  kinetic  energy  in  the  sheath  region  around  the  substrate.  Obviously. the  behaviour  of 
the  sheath  region  must  be  of  great  importance  to  the  quality  of  the  deposited  film. 


CATHOim  II  ^  I  CATHODE  REGION 


2.  MODEL  OF  THE  SHEATH 
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2.1  Statement  of  the  problem 


Vacuum  arcs  in  VADT  are  reasonably  similar  to  those  in  vacuum  interrupters  under  the  same  vacuum, 
current,  magnetic  field  and  electrode  arrangements.  Especially,  the  arcs  have  similar  processes  in  the 
cathode  spot  region.  The  cathode  material  is  locally  evaporated  in  the  spots  sized  several  microns,  and 
the  evaporants  are  intensively  ionized  in  a  hemisphere  of  several  tens  of  microns  diameter  just  before 
the  cathode  region.  According  to  the  popular  non-s tat ionary  model  of  the  cathode  spots,  the  current  den¬ 
sity  in  the  spots  gets  to  10^®A/m®,  the  plasma  density  10*®-10**m“*  ““^.However  these  values  decrease 
sharply  in  the  arc  column.  The  plasma  stream  ejects  so  rapidly  from  the  cathode  region  that  any  correct 
modeling  of  the  sheath  in  the  vacuum  arc  with  cathode  spots  must  take  the  ejection  pattern  of  the  spots 
into  account. 

The  sheath  problem  has  been  extensively  studied  by  many  authors  since  Langmuir's  work.  Most  of  the 
authors  fomulated  the  problem  using  Poisson's  equation  together  with  assumptions  of  Boltzmann's  distribu¬ 
tion  for  electrons  and  some  other  distibution  patterns  for  ions,  or  together  with  hydrodynamic  equations 
for  electrons  and  ions'^^*^  As  has  been  pointed  out  above,  the  spots  of  vacuum  arcs  provide 

plasma  streams  with  a  very  rapid  directed  velocity  backward  the  spots.  Thus  the  plasma  is  not  that  kind 

of  hot  electrons  and  'cold'  ions  as  supposed  in  most  models.  In  the  arc  column  electron  temperature  Te  is 

not  higher  than  l-3eV,  while  the  ions  fly  with  a  velocity  v  of  1-2*10^  i.e.  with  a  kinetic 

energy  of  about  lOOeV  for  the  ions  of  titanium  cathodes,  due  to  the  expansion  and  acceleration  from  the 
spots.  Simple  estimation  reveals  that  the  ion  acoustic  speed  Va  is  much  smaller  than  v.  Furthermore,  when 

the  substrate  is  biased  to  above  several  tens  of  volts,  the  non-equation  kTE«e)‘;Ub(k:  Boltzmann  constant, 

e:electron  temperature,  Ub;  the  bias  voltage  of  the  substrate)  stands. This  implies  that  Bohm's  criterion 
plays  a  less  important  role  here. 

2,2.  Model  of  the  problem 

The  basic  assumptions  are  as  follows, 

a.  neglicting  collisions  in  the  sheath  region,  thus  neglicting  any  charge  exchanging  processes; 

b.  neglicting  magnetic  field  in  the  sheath;  only  electric  force  affecting  the  ions  in  the  sheath; 

c.  for  electrons:  thermo-equilibrium,  thus  a  Boltzmann  distribution; 

d.  for  ions:  a  cosinoidal  distribution  in  the  plasma  jet  from  the  spots;  random  energy  kTi«0.5Miv®  (di¬ 
rected  kinetic  energy);  0.5MiV*»kTE; 

e.  steady-state;  cylindrical  symmetry 

It  must  be  poited  out  that  collisions  must  be  take  into  accout  when  the  background  gas  pressure  is 
higher  enough,  for  example  in  the  process  of  TiN  film  coating  using  VADT  the  pressure  is  usually  higher 
than  O.lPa  due  to  the  infilling  of  nitrogen,  or  when  the  arc  curent  is  sufficiently  large,  just  like  the 
case  in  vacuum  circuit  breakers.  In  fact  in  most  VADT  devices  except  those  with  plasma  collimation  or 
fitting  using  magnetics.  The  magnetic  field  in  the  sheath  can  be  neglicted.  Electrons'  thermo-equibrilium 
is  a  result  of  their  relatively  small  inertia,  with  such  an  assumption,  the  problem  can  be  modelled  jump¬ 
ing  over  the  electron  time  scale.  According  to  the  study  of  Tuma,  Juntter  et.  al.  metal  ions 

jected  from  the  cathode  region  obey  a  cosnoidal  distribution  pattern.  Ion  current  density  can  be  written 

Ji=7  ficos 0/(2n r®),  (1) 

where  'y'  is  a  constantC y ~4,  according  to  [15]),  'f'  the  fraction  of  ion  current,  'I'  total  arc  cur¬ 
rent,  'r'  the  distance  from  the  cathode  spots,  '8'  the  angle  with  the  nomal  of  the  cathode  surface. 

In  VADT  the  cathode  spots  are  driven  by  a  local  magnetic  field.  They  move  symmetrically  on  the  cath¬ 
ode  surface  just  like  a  circular  spring.  Thus  in  a  steady-state  model  the  center  of  the  cathode  can  be 
taken  as  the  'average  position'  of  the  cathode  spots.  Thus  this  position  can  be  used  as  the  reference 
Doint  of  6  and  r. 
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Traditionally,  the  following  normalized  variables  are  introduced:  U=-eu/kT&  \=v/\a,  Ni.=Zni/n)?o, 
NE^nE/nEo.  Here  'u'  is  the  potential  in  the  sheath,  'v'  the  velocity  of  the  ions,  'Z'  the  average  charge 
state  of  the  ions, 'nn/, 'ni/  are  respectively  the  density  of  the  electrons  and  ions  in  the  sheath(here  and 
below,  subscript  E,  I,  S  and  0  represent  for  values  of  the  electrons,  ions,  in  the  arc  column  and  on  the 
boundary  between  the  sheath  and  the  plasma,  respectively),  'nno/  the  plasma  density  in  arc  column.  Va  is 
ion  sound  speed,  Va=( 2ZkT^i )“•  ®,  where  'Mi/  is  the  ion  mass.  Ld  is  Deby  length,  Ld=<  eo*kTE/(e*nK)“-®. 

The  sheath  equations  are  as  followsCsee  Fig. 2), 


V*U=Li*(Nx-NE) 

(2) 

Nir:{l+U[Vs*COS(0s)] 

(3) 

NE=exp(-U) 

(4) 

Eq. 3  is  obtained  by  coupling  the  equations  of 
mass  and  energy  conservation  in  the  z  direction, They 
are  written  below, 

0. 5Mi(vscos(  0  s))*=0. 5Miv|+Zeu 

(energy  coservasion) 

niVx=nioVsCos(  0 s)  (mass  flux  conservasioh) 


in  Eq.  3  the  normalized  velocity  Vs:‘:cos(  0  s)  can  be  obtained  by  Eq.  1  and  mass  flux  conservation  equa¬ 
tion  on  the  sheath  boundary,  i.e., 

Ji-VsnioeZ=Y  fIcos(  0s)/(2nr|).  (5) 

Thus, 

Vs!*ccos(  0s)={  [y  fI/(2nH®)]/(eZnioVs)}>^:[hH/(h®+  p  *)]  *,  (6) 


where  H,  h  and  p  are  illustrated  in  Fig.  2. 

Let  Jl=Y  fI/(2nH*),  J2=eZnioVs,  Eq.6  becomes 


Vs*cos(  0s)=(Jl/J2):*<{hH/(h*+p*)}*  (7) 

The  sheath  model  consists  of  Eq.  2,  Eq. 4  and  Eq. 7.  The  boundary  conditions  are 

U=0,  dU/dz=0,  when  z=6(6  is  the  sheath  thickness  at  a  specified  radius  p) 

U=Ub,  when  z=0  (where  Ub  is  the  normalized  bias  voltage,  Ub>0). 

2.3.  Calculation  method  of  the  model 

The  radial  component  of  electric  field  in  actual  VADT  devices  can  often  been  neglicted  due  to  the 
high  bias  voltage.  In  a  symmetical  cylindrical  system  Eq. 2  can  be  simplified  as 

d®U/dz‘*=Li®(Ni-NE)  (8) 


Eq, 8  looks  one  dimensional  but  it  contains  co-ordinate  p  in  its  right  side.  In  the  Eq. 4,  Eq. 7  and 
Eq. 8,  the  potential  U  and  the  sheath  thickness  6  are  all  unknown  variables.  However  it  is  possible  to 
integrate  Eq. 8  once,  using  the  boundary  conditions  given  above.  So  the  differential  equation  can  be  low¬ 
ered  to  the  first  oder.  It  can  be  written  as  follows  when  Ni,Ne  was  subtituded  in. 


dU/dz=-{4/k(  p,  6  ))i:[(i+k(  p,  6  )U)i^*-l]+2(exp(-U)-l)}i'"*,  (9) 
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where  k(  p,  6  )=(Jl/J2)®  [(h®+ p  ®)/(hH)]  The  negative  sign  has  been  selected  before  Eq.9  because  dU/dz 
decreases  with  increased  z.  The  boundary  conditions  for  Eq.9  is  as  follows, 

U=Ub,  when  z=0;  U-O,  when  z::  6.  (10) 

Eq.9  and  Eq.  10  can  be  numeritically  solved.  The  pricipal  procedure  is  described  here:  for  a  given 
radius  p,  calculate  k(  p,  6),  where  6  aay  be  given  an  initial  value;  integrate  Eq.9  until  the  absolute 
value  of  U  gets  nearly  zero(Runge-Kutta  aethod  provides  good  performance  here),  thus  a  value  of  6  can  be 
obtained;  next,  use  this  value  for  the  next  iteration  ,  integrate  Eq. 8  again,  until  the  second  condition 
of  Eqs. 10  is  satisfied.  Therefore  we  can  get  the  special  distributions  of  electric  potential  and  ion  den¬ 
sities,  together  with  sheath  thickness  distribution  around  the  substrate. 

3.  REMARKS  AND  FUTURE  WORK 


3.1.  About  the  model 


The  above  model  are  established  under  some  critical  assumptions.  These  assumptions  limit  its  valid 
raime  to  high  vacuina,  low  current,  no  magnetic  fields  around  the  substrate  and  high  bias  voltage.  The 
calculation  of  the  model  needs  such  easily  getatable  parameters  such  as  the  deposition  chamber  size,  arc 
current  and  bias  voltage.  But  it  also  needs  the  electron  density,  the  electron  temperature,  the  mean  charge 
of  the  ions  in  the  arc  column  and  the  mean  velocities  of  the  ions  leaving  from  the  cathode  spots.  These 
later  group  of  parameters  can  be  obtained  only  by  plasma  diagnostics.  In  our  calculations,  the  electron 
density  and  temperature  in  the  arc  column  were  obtained  oy  plasma  diagnostics  using  a  Langmuir  probe.  The 
experimetental  setup  was  introduced  in  detail  in  [17].  The  mean  charge  number  and  speed  of  the  ions  are 
results  in  literatures [1],  [15]  and  [16],  etc.  Some  relations  can  be  made  to  connect  the  deposition  rate 
and  the  temperature  rise  of  the  workpieces  with  the  process  parameters  such  as  arc  current,  bias  voltage 
and  workpiece  positions.  The  results  of  the  calculation  will  be  given  some  elsewhere  in  the  near  future. 

The  model  is  somewhat  complicated  when  the  radial  canponent  of  electric  field  is  considered.  When 
one  needs  only  sheath  thickness  Child-Langmuir  relation  is  a  good  method  for  estimations*’^. 

3.2.  Future  Work 


(1)  Using  the  model  frame  to  deal  with  more  complicated  deposition  atmosphere  i.e.  taking  the  inter¬ 
actions  between  the  plasma  with  the  back  ground  gas  into  account  during  the  deposition  of  composite 
material  TiN.  Collision  paramers  will  be  introduced  in. 

(2)  Plasma  diagnostics  will  be  carried  out  duing  the  actural  process  of  TiN  deposition  with  electric 
probe  and  Farady  cup. 
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ABSTRACT 


The  paper  presents  a  two-dimensional  hydrodynamic  model  of  the  plasma  jet  runmng  out  of  the  cathode  spot  of  a 
vacuum  arc,  which  is  an  outgrowth  of  the  one-dimensional  problem  that  we  have  solved  earlier.  Also  given  are  refined 
equations  of  state  for  a  matter  in  a  transitory  phase,  which  conceivably  might  allow  a  through  numerical  simulation  of  a 
cathode  spot  from  cold  metal  to  hot  plasma. 


1  MODEL  OF  A  PLASMA  JET 


The  2-D  MHD  model  of  the  vacuum-arc  plasma  jet  presented  here  is  in  outgrowth  of  the  1-D  hydrodynamic 
model  discussed  by  us  in  Ref  [1,2,3,6].  The  computations  carried  out  in  1-D  approximation  have  provided  the  principal 
characteristics  of  a  cathode  jet  being  in  satisfactory  agreement  with  experimental  data.  Nevertheless,  there  results  c^not 
be  considered  completely  adequate,  since  actually  the  plasma  parameters  of  a  cathode  jet  are  distributed  highly 
nonuniformly  over  its  cross  section.  Furthermore,  a  1-D  model  fails  to  take  into  account  the  effects  related  to  the 
influence  of  the  self-magnetic  field  of  the  cathode  jet. 


The  2-D  model  of  a  plasma  jet  is  based  on  the  two  temperature  non  steady-state  MHD  equations. 
^  +  div(«iV)  =  «e(ai_ii«i-l  -«i,i+l"i  +A^l.i"i+l"e) 
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4;r  cr  e 


where  0^  are  terms  associated  with  energy  absorption  or  deliberation  in  the  processes  of  ionization  and  recombination;  (X 

and  p  are,  respectively,  the  ionization  and  recombination  coefficients  in  Born’s  approximation;  ions  with  a  charge  from  1 
to  6  are  taken  into  consideration.  The  problem  geometry  is  shown  in  Fig.  1.  The  Z-axis  is  the  axis  of  cylindrical 
symmetry  for  the  plasma  jet  and  the  jR-axis  coincides  with  the  cathode  surface.  It  is  supposed  that  the  emission  and 
erosion  regions  match  and  are  confined  within  the  crater  radius  Rq.  Specified  for  the  lower  boundary  are  tlie  mass  flux, 
the  ion  density,  and  the  total  current,  for  the  Z-axis  the  condition  of  symmetry,  and  for  the  rest  boundaries  the  conditions 
that  the  normal  derivatives  of  the  main  variables  are  zero. 
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Computations  carried  out  in  terms  of  the  2-d  model 
have  shown  that  the  account  of  the  self-magnetic  field  for  the 
conditions  of  the  given  problem,  on  the  one  hand,  has  little 
effect  on  the  scattering  of  ions  and,  on  the  other  hand,  results 
in  a  highly  nonuniform  electron  current  distribution  in  the  jet 
(Fig.  2).  It  can  be  seen  that  there  exists  a  considerable  reverse 
current,  which  can  be  inferred  directly  from  the  solution  of  the 
equation  for  h,  and  no  additional  mechanism  should  be 
involved  in  the  model  to  describe  this  current  like  in  the  1-d 
model. 

According  to  the  computations,  the  radial  distribution 
of  the  reverse  electron  current  has  a  pronounced  maximum, 
wliich  shifts  in  the  course  of  time  forward  the  peripheral 
regions  of  the  cathode  spot.  The  reverse  electron  current  is 
comparable  to  the  total  cathode  spot  current  and  it  decreases 
with  time.  It  also  depends  on  the  total  current  tlirough  the  spot 
and  decreases  with  increasing  the  latter.  This  may  be 
responsible  for  the  nonlinear  current  dependence  of  the 
cathode  spot  radius  observed  in  experiment. 

The  electron  current  is  distributed  nonuniformly  over 
the  jet  cross  section.  At  the  early  stage  of  spot  operation,  the 
current  density  is  the  maximum  in  the  peripheral  regions;  in  the  course  of  time  the  current  constricts  forward  the  center  of 
the  jet  and  the  current  density  in  the  jet  reaches  its  maximum  at  distances  from  cathode,  comparable  with  the  size  of 
cathode  spot.  The  maximum  current  density  is  higher  than  the  current  density  at  the  cathode.  In  some  computations  the 
temperature  in  these  regions  reached  20  eFand  the  average  ion  charge  was  6.  Our  solutions  show  interesting  that  there 
exist  interesting  objects,  ring-shaped  (more  exactly,  toroidal-shaped)  current  vortexes,  responsible  for  which  is  the  third 
form  on  the  right  side  of  the  equation  for  H.  However,  sharply  defined  nonuniformities  are  shown  to  exist  for  about  0.25 
ns.  Steady-state  solutions  give  cross-sectional  current  profiles  being  in  qualitative  agreement  with  our  1-D  steady-state 
solutions.^’^ 

We  believe  that  the  model  discussed  offers  new  view  of  the  processes  occurring  during  the  formation  of  a  vacuum 
arc. 


Fig.2.  The  electron  current  distribution. 


2.  CHOOSING  A  WIDE-RANGE  EQUATION  OF  STATE 

Our  subsequent  efforts  will  be  focused  on  a  numerical  simulation  of  the  whole  process  of  development  of  a 
cathode  spot.  Our  interest  will  be  not  only  with  the  plasma  flare  but  also  with  the  transitory  metal-plasma  region  as  well 
as  with  the  processes  of  melting  and  evaporation  in  the  cathode  spot  crater.  To  do  this  requires  a  knowledge  of.  a  wide- 
range  equation  of  state  for  the  cathode  material,  since  the  temperature  varies  from  room  temperature  to  several  electron- 
volts  and  the  material  density  decreases  from  the  solid  (10^^  ciii'^)  to  plasma  (10^^  cnr^)  density.  We  will  consider  a 
copper  cathode. 

Some  of  several  model  wide-range  equations  of  state  for  copper  proposed  to  date  are  given  in  Refs.  [4-6].  We 
should  choose  that  one  which  would  offer  the  most  adequate  description  of  the  material  properties  within  a  given  range  of 
temperatures  and  densities  and.  at  the  same  time,  approach  asymptotically  the  known  solid-state  equations  (for  the 
limiting  case  of  high  densities  and  low  temperatures)  and  plasma  equations  (for  the  limiting  case  of  high  temperatures 
and  low  densities).  Let  us  explain  the  last  statement.  The  total  pressure  in  a  material  is  the  sum  of  the  electron  pressure. 

,  the  ion  and  neutral  pressure,  Pq  ,  and  the  elastic  pressure,  .  and  the  energy  per  unit  volume  is  the  sum  of  the 
electron  energy,  ,  the  ion  and  neutral  energy,  Eq  ,  the  elastic  energ)",  E^^  and  the  ionization  energy,  Pj : 

P{p,T)  =  P,  +  Po  +  P,i  ;  E{p,T)  =  E,+E,  +  E^,+E,-, 
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The  expressions  forP(p,  T)  and  Ei^p,  7")  are  such  that  the  following  limits  should  hold: 


Plasma: 

{n  -»  0,  r  oo) 
Solid  State: 

r-^0) 


=  w.AT,  , 

=(0-6£'„  +  ^^'7;'/(4f„))ne. 
P  =0.667P  , 


Po  =  1.5A'7;n,, 

Po  =  «a*^0  > 

£■(,  =  3A:7;«,  , 

^0  =  » 


L 


E-. 


Z 

^i=o“ 
Z^l  . 


Z  I”. 

j=l  V  k=j  J 

z„ . 


L 

8^  is  the  maximum  energy  of  the  degenerated  electron  gas  in  a  crystal  [7],  fj^  —  '^n\  .  L  is  the  nuclear  charge,  /j  is  the 

0 

j  ionization  potential,  is  Saha's  ionization  degree,  y  is  the  Gruneisen  factor.  The  ion  charge  j  must  be  a  multiple  of  the 
unit  charge.  From  this  table  it  can  be  inferred  that  when  calculating  the  ionization  equilibrium  it  is  necessary  to  take  into 

account  the  decrease  in  ionization  potential  with  an  increase  in  material  density,  since  for  a  crystal  we  have  E^=Q,  but 
Z  =  1,  so  /,  =0  [8],  It  should  be  noted  that  the  ionization  degree  Z  will  be  changed  rather  substantially  at  near  critical 
densities  (2.4  g/cm  ),  because  copper  may  be  considered  to  be  a  metal  in  the  region  p> ,  while  at  p<p^  it  is  a 
dielectric.  In  choosing  interpolation  relationships,  we  will  assume  that  2j{p^ ,  7^ )  =  0. 5  . 


As  shown  above,  very  important  processes  occuring  in  the  cathode  spot  of  a  vacuum  arc  are  Joule  heating,  heat 
exchange  beUveen  the  electron  and  ion  subsystems,  and  electron  heat  conductance.  Therefore,  it  is  of  great  importance  to 
find  interpolation  relationships  for  the  electron-ion  time,  t  ,  through  which  the  electrical  conductivity  and  the  heat 
conductivity  are  expressed: 

X  =  Im^ 

Let  us  now  consider  the  asymptotic  limits  for  the  electron-ion  relaxation  time  in  the  plasma  and  solid-state  cases. 


Plasma  limit  («  ^  0,  T  -^oo) 

[9], 


Solid  State  limit  («  - 

^  =  the 

oT,  3e' 

T„.  3 


■  lo'^  r->0) 

Wiedemann  -  Franz  low 


1.3  +  0.565eX/(«.ef) 

The  conductivity  of  copper  under  normal  conditions  (room  temperature)  is  known.  So  we  may  check  whether  the 


interpolationrelations  for  provide  in  this  case  a  realistic  result.  Using  the  equations  given  in  Refs.  4  -  6,  8  and 
entering  in  them,  if  necessary,  our  own  correction  factors,  we  have  obtained  interpolation  e.xpressions  for  pressure, 
internal  energy,  ionization  degree,  and  electron-ion  relaxation  time,  which  meet  all  above  requirements.  These 
expressions  are  as  follows: 
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P.  =0.667«.E., 

Po  =  ,  P,  =  0.00195«:  -  0.0376/ir 

E.  =0.457f„Zlii|3.728c/»(^|^)|, 

E„  =^1.5r„  E,  =2.12{2(«./85)^  -3(/i./85)'"} 

H  Lk-i  J 

I,  - ln{l  +exp(4.55-6.37/;'^  /«;'’)}] 

Z  =  ^.,=0.364«f, 

1 

a  =673.46^,  y=  1.917  {for  Cu), 

a;  =  1 +(10//.  /  7;'’)exp(/,  /  t;  (1  -  (/,  /  -  rj 

Here  /qj  is  the  ionization  potential  for  the  j  multiple  ions  in  a  rarefied  plasma,  the  energy  E  is  given  on  a  per-particle 

basis,  n  is  expressed  in  10^^  cnT^ ,  P  in  1.602  kbars,  T  and  E  in  eV.  The  electron-ion  relaxation  time  that  determines 
the  electrical  conductivity  and  thermal  conductivity  are  written  (in  the  CGSE  units)  as  follows: 

•'  ZV‘A5(0) 

Here  A  is  Coulomb's  logarithm,  k  is  Boltzmann's  constant,  the  structure  factor 

(^(O)  =  (1  +  7^  /  (0. 027  7^  ))“’ ,  7^  is  the  melting  temperature  for  copper;  the  numerical  factors  are  as  follows: 

A'"  =  0.65,  S'"  =  -3.0,  A^  =  1.74,  B^  =  -9.64. 
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INVESTIGATION  OP  STRIKING  CHARACTERISTICS  OP 
A  PULSED  LOW-PRESSURE  DISCHARGE  IN  MAGNETIC  FIELD 

N*V*Gavrilov^  S.P^Nikulin 

Institute  of  Electrophysics, 

34,  Komsomolskaya  st.,  620219,  Ekaterinburg,  Russia 

INTRODUCTION 

Hollow- cathode  glow  discharge,  which  operates  at  gas  pressures  an  low  as  those  corresponding  to  a  vacuum 
regime  with  A  >  d,  where  X  is  the  free  path  length  of  electron,  d  is  the  size  of  a  cavity,  Is  used  in  electron  and  ion 
beam  sources  with  plasma  emitter.^  However,  a  significant  difference  in  value  between  igniting  and  operating  dis¬ 
charge  voltages  motivates  the  use  of  special  systems  for  discharge  ignition.  Such  systems,  operating  under  increased 
pressures  as  compared  to  the  pressure  in  the  hollow  cathode  or  using  a  high  voltage  ignition  pulses,  complicate  source 
design  and  its  electric  power  supplies. 

To  decrease  gas  pressure  and  keep  out  a  need  for  gas  bleeding  into  a  discharge  gap  a  hollow- cathode  system 
in  magnetic  field  has  been  developed  which  don’t  require  an  ignition  system  to  be  used.^  Moreover,  such  a  systems, 
based  on  a  glow  discharge,  in  magnetic  field,  may  be  used  as  initiating  ones  to  ignite  an  arc  with  a  cathode  spot.^ 
However,  the  mechanism  of  pulsed  breakdown  in  long  (1-10  cm)  intereJectrode  gaps  in  weak  electric  (0.1-1  kV/cm) 
and  magnetic  (B  =  1-10  mT)  fields  at  low  pressures  is  still  not  clearly  understood  and  this  plagues  the  optimization 
of  discharge  system  design  and  power  supply.  A  necessity  to  ensure  a  reproducible  ignition  conditions,  stable  beam 
generation  and  increase  in  the  limiting  rate  of  pulse  repetition  determines  the  importance  of  investigating  the  dis¬ 
charge  ignition  characteristics  in  specific  electrode  systems  of  chajged-particle-beams  gas- discharge- plasma  sources, 
operating  in  a  pulse- repetitive  mode. 

Here  we  report  a  series  of  experiments  aimed  at  studying  the  dependencies  of  delay  time  r  and  threshold 
voltage  of  hollow-cathode  glow  discharge  ignition  in  magnetic  field  on  magnetic  induction  B,  gas  pressure  p  and 
pulse  repetition  rate  f. 


EXPERIMENTAL  SETUP  AND  RESULTS 

A  schematic  drawing  of  the  plasma  electron  source^  electrode  system  used  in  experiments  is  shown  In  Fig.l. 
3-mm  dia,  50-mm  length  tungsten  rod  anode  1  was  set  co-axially  with  a  cylindric  hollow  cathode  2  with  covered 
ends.  The  diameter  and  the  length  of  the  cathode  made  of  sta-inless  steel  were  56  mm.  Magnetic  field  was  created 
by  solenoid  3.  Argon  wa«  used  afi  a  working  ga^,  Gajs  pressure  was  controlled  by  varying  of  gajs  flow  into  a  vacuum. 


Figure  1:  Electrode  scheme.  1  -  anode,  2  -  cathode,  3  -  solenoid 
chamber.  The  discharge  electrode  system  was  connected  with  vacuum  chamber  via  a  liole  12- mm  In  dia,  placed  in  the 
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centre  of  a  cathode  end.  The  gaa  pressure  was  measured  in  the  vacuum  chamber.  It  was  assumed  that  the  pressure 
in  the  cavity  was  close  to  that  in  the  chamber,  at  least,  during  the  pauses  between  the  discharge  current  pulses. 

The  discharge  was  ignited  by  a  pulse  power  supply  with  a  peak  voltage  U*  up  to  1400  V,  pulse  duration  of 
up  to  300  and  a  pulse  repetition  rate  controlled  in  the  range  from  10  to  250  Hz.  The  resistor  limited  the  peak 
current  in  a  range  of  up  0.1  to  2  A.  Risetime  of  voltage  pulse  was  about  1  /iS. 

The  breakdown  delay  time,  measured  at  experiments,  includes  the  first  stage,  during  which  the  primary  elec¬ 
tron  emerges  in  the  gap,  and  the  second  one,  corresponding  to  a  discharge  formation.^  Under  experimental  conditions 
of  low  pressures  and  weak  magnetic  field  the  value  of  r  was  mainly  determined  by  space  charge  formation  phase. 
Statistical  spread  in  values  of  r  was  negligible. 

The  plots  of  r  (B)  for  various  gas  pressures  and  peak  pulse  voltages  are  shown  in  the  Fig,2.  The  value  of  r 
increases  when  p  and  TJ*  are  decreased.  The  minimal  value  of  magnetic  induction  Bo  ,  allowing  a  discharge  initiation, 


Figure  2:  Delay  time  vs.  magnetic  induction,  p  (Pa)  :  1-0.12;  2,3  -  0.28.  U  (kV)  :  1,3  -  1.4;  2  -  1.1. 

is  also  increases  when  p  and  bf  are  decreased.  The  delay  time  has  maximum  value  near  Bo  and  abruptly  decreases 
with  increasing  B.  However,  further  behavior  of  r  with  increasing  B  depends  on  a  gas  pressure.  The  delay  time 
decreases  practically  to  zero  and  transition  to  high-current  glow  discharge  takes  place  at  a  leading  edge  of  voltage 
pulse  at  higher  pressure,  but  at  low  one  r  decreases  to  about  25  /is,  then  the  delay  increases,  and  finally,  when  B  > 
8  mT,  discharge  ignition  didn’t  occur. 

The  plots  of  threshold  voltage,  below  which  discharge  ignition  is  impossible,  as  a  function  of  B  for  various 
pressures  are  shown  in  Fig,3.  The  qualitative  changes  in  curve  behavior  take  place  with  p  variation.  At  high  pressures 


Figure  3;  Threshold  voltage  vs.  magnetic  induction,  p  (Pa)  :  1  -  0.25;  2  -  0.2;  3  -  0.15;  4  -  0.1. 
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Vt  continuously  decreases  while  B  is  increased*  At  lower  pressure  the  function  Ut  (B)  becomes  nonmonotonic  and^ 
at  lowest  pressures,  the  magnetic  field  range,  in  which  discharge  ignition  is  possible,  has  not  only  lower  but  also 
upper  bound.  However,  despite  on  nonmonotonic  character  of  function  U<  (B),  the  decreasing  of  pressure  uniquely 
causes  increase  in  at  given  B. 

At  lower  values  of  B  the  difference  between  igniting  and  operating  discharge  voltages  and  also  their  ratio 
increase.  The  values  of  operating  discharge  voltage  JJd  >  shown  at  the  Fig.4.,  were  measured  at  a  discharge  current 


Figure  4:  Operation  (1)  and  ignition  (2)  voltages  vs.  magnetic  induction  at  p  =  0.25  Pa 

=  lA,  but,  it  should  be  note,  that  variations  of  have  no  significant  effect  on  TJa,  because  discharge  volt-ampere 
characteristic  is  close  to  horizontal  one. 


Under  pulsed  exciting  of  discharge  in  such  systems,  which  are  characterized  by  combination  of  low  pressure, 
large  surface  of  electrodes  and  high  ion  current  density,  gas  sorbed  on  electrodes  may  essentially  influence  the  pro¬ 
cesses  of  discharge  initiation  and  sustaining.  In  measurements  of  dependencies  r  (B)  it  was  observed  the  change 
of  curves  behavior  with  value  of  current  passing  through  the  discharge  gap  after  initiation.  If  at  low  increase 
in  f  causes  decrease  in  r  ,  then  at  high  !<;  dependency  r  (f)  becomes  rising  (Fig.5).  Growing  of  r  with  increase 


Figure  5;  Delay  time  vs.  pulse  repetition  rate  at  B  =  2.75  mT,  p  =  0.2  Pa,  I  (A)  :  1  -  0.15;  2  -  1.8. 

in  f  is  determined  by  decrease  in  number  of  gas  molecules,  adsorbed  on  cathode  surface  during  pauses  between 
pulses  as  a  result  of  both  pause  shortening  and  surface  heating.  Correspondingly,  intensity  of  desorbtion  process¬ 
es,  occurring  during  breakdown  and  causing  increase  of  pressure  and  acceleration  of  discharge  development,  decreases. 

Essential  affecting  of  f  on  the  thre-shold  voltage  U<  was  not  observed.  It  may  be  explained  by  weak  influence  of 
desorbtion  on  initial  stage  of  breaJidown.  At  first,  electron  multiplication  is  governed  by  ionization  of  gas  molecules, 
which  are  in  the  discharge  gap,  and  only  with  essential  increasing  the  number  of  ions,  bombarding  cathode  surface, 
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the  growth  of  desorb tion  give  rize  to  gas  pressure.  It  should  be  noted,  that  in  further  experiments,  in  which  discharge 
current  and  pulse  duration  were  increased  by  the  order  of  magnitude,  an  increase  of  Ut  and  TJ^  was  observed  with 
magnification  of  f.  This  is  connected  with  gas  heating  in  the  cathode  cavity  and  decreasing  of  neutrals  concentration 
in  it  though  the  pressure  in  the  vacuum  chamber  was  kept  constant, 

CONCLUSIONS 

1.  At  low  gas  pressures  the  stage  of  space  charge  accumulation  in  discharge  gap  makes  the  main  contribution 
in  delay  time  r  of  hollow-cathode  glow  discharge  ignition  in  weak  magnetic  field.  Statistical  spread  in  values  of  r  is 
negligible. 


2.  Delay  time  decreases  with  increasing  pressure  and  applied  voltage.  Behavior  of  delay  time  and  ignition 
voltage  dependencies  on  magnetic  induction  changes  with  the  pressure  qualitatively.  At  low  pressure  these  depen¬ 
dencies  are  nonmonotonic. 

3.  The  change  of  delay  time  with  pulse  frequency  is  an  evident  of  essential  influence  of  sorbtion  processes  at 
cathode  surface  on  discharge  development. 

4.  The  diiference  between  voltages  of  discharge  Ignition  and  operation  increases  with  magnetic  induction  B 
decreasing.  At  low  B  for  reliable  ignition  it  is  necessary  to  apply  voltage  which  is  2-3  times  higher,  then  operating 
voltage. 
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ABSTRACT 

A  theoretical  model  is  presented  for  transport  of  vacuum  arc  generated  metal  vapor 
plasma  through  a  magnetized  quarter-tours  duct  used  for  filtering  out  macroparticles  in  order 
to  deposit  high  quality  thin  films.  The  model  utilizes  a  two  fluid  approximation  which  takes 
into  account  collisions  among  the  plasma  particles.  It  is  found  that  centrifugal  forces  must 
lead  to  a  charge  separation  generated  field,  that  determines  plasma  drift  in  thecentrifugal 
force  direction  to  the  duct  wall  and  give  rise  to  ion  loss. 

Another  cause  for  plasma  loss  is  the  plasma  pressure  gradient.  The  plasma  output  flux  is  an 
increasing  function  of  thr  magnetic  field  strength.  The  plasma  flux  in  the  output  plane  is 
asymmetrically  skewed  to  favor  the  outside  half.  A  further  asymmetry  in  the  flux  distribution 
in  the  direction  of  the  torroidal  axis  of  symmetry  is  introduced  if  ions  of  different  charge 
states  are  present  in  the  plasma. 


1  ■  INTRODUCTION 

High  quality  thin  film  production  from  a  vacuum  arc  vapor  source  requires  the  removal  of  molten  droplets, 
or  macroparticles,  produced  as  a  by-product  by  the  cathode  spots.  This  is  typically  accomplished  by  passing  the 
plasma  extracted  from  the  vacuum  arc  through  a  curved  duct,  often  in  the  form  of  a  quarter  torus,  which  has  a 
curved  magnetic  field  parallel  to  the  duct  walls  [1].  Plasma  transport  in  curved  magnetic  field  has  been  studied 
using  the  one-particle  approximation  [2,3]  and  a  Monte-Carlo  method  [4].  There  are  some  works  where  charged 
particles  behavior  was  investigated  on  the  basis  of  the  plasma-optic  approximation  [5]. 

The  basic  assumption  of  the  plasma-optic  model  is  that  the  ion  time  of  flight  is  much  less  than  the  ion 
Larmour  precession  period,  and  hence  that  the  magnetic  field  has  negligable  direct  effect  on  the  ion  motion.  In 
this  model  the  electrons  are  collimated  magneticially,  and  the  ions  are  trapped  by  the  negative  space  charge 
reamining  in  the  plasma  column  after  a  few  of  the  ions  escape,  which  sets  up  a  retarding  electrostatic  field. 

In  some  devices  of  interest,  the  system  parameters  include  an  electron  density  of  lO^^-lO^^  m"^,  ion 
temperatures  of  a  few  eV,  lengths  on  the  order  of  1  m,  and  magnetic  field  strengths  of  0.02  T  [6,7].  Under  these 
conditions  the  ion  time  of  flight  approaches  the  ion  Larmour  radius,  the  magnetic  field  has  a  direct  influence  on 
the  ion  motion,  and  collisions  may  play  an  important  role  as  an  ion  loss  mechanism.. 

The  objective  of  the  present  paper  is  to  analyse  the  plasma  transport  in  a  magnetized  torus  under  the  above 
conditions.  Towards  this  goal  a  two-fluid  model  consisting  of  interacting  electrons  and  ions  will  be  presented  and 
analyzed. 


2.  EQUATIONS  OF  MOTION 

Consider  the  electron  and  ion  motion  equations  (neutrals  are  neglected): 
kT  e 

(VeV)Ve  +  —  Vln  ng  +  —  £  +  &e[Veh]  +  -  v;;-)  =  0 


Me 


in^>k  +  ^  Vln  £  -  Z^,[V^]  +  ^  -  V,)  =  0  , 
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where  and  are  the  electron  and  ^-times  ionized  ion  velocities  respectively,  represents  a  charge  number  ( 
Z]^  =1,2,3),  cOg  and  co/  are  the  gyrofrequencies  of  the  electrons  and  singly  charged  ions  respectively,  /i  is  a  unit 
vector  coinciding  with  the  magnetic  field  direction,  «g  and  nj^  are  the  electron  and  A:-ion  concentrations 


respectively, 
el^l?  H  's  the 


kT 

=  2(  —  "e the  frequency  of  ^-ion-electron  collisions  and  Vgy^  =  2(  — 

frequency  of  electron  -  A:-ion  collisions,  Cg]  is  an  effective  cross-section  of  electron  -  singly 


kT 


ionized  ion  collisions. 

The  first  term  is  nonlinear  with  respect  to  velocity  and  describes  the  centrifugal  acceleration,  which  does  not 
depend  on  the  mass  and  charge  of  the  plasma  particles.  Therefore  if  longitudinal  velocities  of  electrons  and  ions 
are  equal  to  each  other  and  have  significally  larger  value  than  other  velocity  components,  then 
equal  to  (VgV)vg  .  Multiplying  first  equation  by  «g  and  second  by  and  summing  over  the  index  "k", 
an  expression  for  the  electrical  current  density  is  obtained: 

p  Jfl  •  Ir'T 

^  ^  ^  /ix(vV)v  +  —hy.V{  Yjik  +  «e)]  (2) 

Hence,  there  are  two  forces  driving  the  electric  current:  the  centrifugal  force  and  the  pressure  gradient. 
KirchofPs  law  demands  that  V'j=0.  Making  use  of  vector  identities,  the  following  equation  is  obtained: 


^y/=- 

e  ■' 
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Since  Vx(VO)=0,  where  O  is  any  scalar,  it  appeares  that  the  first  term  in  expression  (2)  does  not  satisfy 
Kirchoff  law  and  therefore  is  depressed  by  a  polarization  field  produced  by  charge  accumulation  at  the  edges  of 
the  plasma.  Thus  one  can  calculate  the  polarization  field  and  then  use  the  electric  current  resulting  from  the 
gradient  of  pressure.  Making  use  of  the  electron  motion  equation  in  order  to  obtain  an  electric  field,  the  following 
equations  are  eluded: 


(He 


kT, 


etip 


where  Xq  is  plasma  conductivity  in  the  absence  of  magnetic  field,  and 


The  expression  for  electrical  field  of  polarization  and  the  current 
e  kT 

y= 


h  xV( 


(3) 


(4) 


(5) 


are  substitute  into  the  second  equation  of  (1)  and  taking  into 
nQ=  'LnkZic  and  Vytg«  (Og  in  any  real  case,  an  expression  for  the  ^-ion  velocity  is  obtained: 


account  that 
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It  convenient  to  use  a  toroidal  coordinate  system  [9]  since  one  of  the  coordinate  surfaces  can  be  set  to 
coinside  with  the  walls  of  the  torus.  In  this  case,  where  longitudinal  component  of  velocity  has  a  value  much 
larger  then  the  other  components,  it  is  possible  to  deduce  the  following  approximation: 


[ivV)v]^  = 


sing 

a 


"9 


.  1  -  coshx  cosg 


[(vV)v].j  <3  sinhx 


(7) 
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where  o.x.rp  are  the  space  coordinates  in  the  toroidal  eoordinate  system  (for  detailed  description  see  [9]  ),  a  is  a 
system  parameter  which  is  slightlyles  than  the  major  radius  of  the  torus,  Vq,  is  the  longitudinal  component  of  the 


plasma  velocity,  which  is  assumed  to  be  identical  for  all  plasma  components  and  constant  within  the  inner  part  of 
the  torus.  Hence,  the  ^-ion  velocity  components  are: 


_  1  -  coshx  COSO  ,  1  Yfik  N  UnL^nirZp  . 

o  = - .  ^g^—lL-JSUL-  sma  - 


sinhx 
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and  g2  =  — ^  •  Here  g\  and  g2  are  diffusion  tensor  components  when  »  v 
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Using  the  continuity  equation  for  the  ^-ions 
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1  -coshxcoso-sinh^x 

coshx  -  coso  sinhx(coshx  -  coso)  ■* 
and  the  formulae  for  velocity  components  (8),  an  equation  is  obtained  describing  the  spatial  distribution  of  the 
ions  at  any  cross-section  within  the  torus. 


3.  CALCULATED  RESULTS 

Analysis  of  the  last  factor  in  the  first  term  of  equations  (8)  shows  that  the  ion  charge  distribution  has  a 
significant  effect  on  the  ion  spatial  distribution.  If  all  the  ions  have  the  same  charge,  a  case  which  we  will  call 
homogeneously  charged  plasma,  the  first  term  in  equations  (8)  disappears.  On  the  other  hand,  this  term  is  non¬ 
zero  in  the  non-homogeneous  case.  The  first  term  is  the  only  term  which  produces  a  motion  in  the  direction 
normal  to  both  the  centrifugal  acceleration  and  to  the  longitudinal  velocity  component.  Thus  in  the 
homogeneous  case,  the  plasma  motion  is  symetrical  with  respect  to  a  plane  bisecting  the  torus  and  containing  a 
unit  vector  in  the  cp-direction  (which  we  shall  term  the  horizontal  plane),  while  in  the  non-homogeneous  case  the 
plasma  will  be  displaced  above  or  below  this  plane. 

The  above  equations  were  solved  numerically  for  conditions  approximating  the  toroidal  filter  used  in  Tel- 
Aviv  University.  The  minor  and  major  radii  are  8  cm  and  20  cm  respectively.  The  following  properties  of  plasma 
were  assumed  for  simplicity:  77  =  Te  =  10^  K,  v^p  =10'^  m/s,  initial  density  n  being  10^^  cm"^.  It  is  assumed  that 
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each  ion  striking  the  toroidal  wall  is  removed  from  the  plasma.  Results  for  the  homogeneoulsy  charged  plasma 
are  presented  in  the  Figures  1-3.  Anywhere  density  normalization  relatively  initial  plasma  density  is  used. 
Plasma  flow  in  the  magnetic  and  electrical  (polarization)  fields,  directed  perpendicular  to  each  other,  appeared  to 
be  symmetrical  in  respect  to  horizontal  plane  of  the  torus  and  considerably  asymmetrical  in  respect  to  its  vertical 
plane  in  the  exit  cross-section  of  torus.  The  dependence  of  the  flux  on  the  magnetic  field  is  shown  in  the  Fig.  2.  A 
non-homogeneous  ion  charge  distribution  characteristic  of  a  Cu-vapor  plasma  consists  of  approximately  16%  of 
Cu"*",  64%  of  Cu2’*',and  20%  of  Cu^'*'  [10]  is  considered  in  Figs.  4-6.  ions.  Asymmetry  with  respect  to  the  vertical 
plane  of  the  torus  was  calculated  to  occur  mainly  for  Cu"*"  (Fig.  4)  and  to  a  much  smaller  extent  for  Cu^"*"  ions 
(Fig.  5).  As  may  be  seen  in  Fig.  6,  the  partial  and  integral  flux  increases  with  magnetic  field  strength. 

4.  CONCLUSIONS 

The  above  analysis  shows  that  the  plasma  flux  exiting  a  toroidal  filter  increases  with  magnetic  field  strength, 
while  this  dependance  cannot  be  obtained  from  the  one-particle  approximation.  The  exiting  plasma  spatial 
distribution  is  assymetric  in  the  vertical  direction,  as  obtained  in  previous  analysis.  Furthermore,  the  present 
analysis  shows  that  the  distribution  may  be  assymetric  in  the  horizontal  direction  if  ions  of  several  degrees  of 
ionization  are  present  simultaneously.  The  above  calculations  may  be  utilized  for  designing  and  optimizing  the 
performance  of  toroidal  macroparticle  filters  for  vacuum  arc  deposition,  as  well  as  an  aid  in  the  proper 
positioning  of  deposition  substrates. 
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Figl  .Torrroidal  macroparticle  filter,  illustrating  coordinates  (x,y)  at  output  plane, 
and  torroidal  coordinates  used  in  model., 
cp  -  azimuthal  angle  , 

a  -  angle  between  straight  lines, S  and  s  connecting 
point  with  two  poles  of  system. 

T  -  logarithm  of  the  ratio  of  the  lengths  S  and  s  (see  formula  in  draught). 

Take  into  account  that  torroidal  coordinate  surfaces  are  not  concentric, 
but  co-poleness. 
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B=0.02  T 


Fig.2.  Normalized  vmiform  charged  ion 
density  distribution  at  the  exit  plane  of  the 
torus.  1  -  0.005  T,  2  -  0.01  T,  3  -  0.015  T, 


4  -  0.02  T. 


Fig.  5.  Normalized  0.5  isodensity  line  for  Cu"'’ 
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homogeneously  charged  plasma. 


Fig.  6.  Normalized  0.5  isodensity  line  for  Cu^'*'  ions 
in  a  simulated  Cu  vacuum  arc  plasma  at  torus 
output  plane.  B=0.015  T. 


x/r 


Fig.4.  Normalized  isodensities  (0.8,  0.6,  0.4)  Fig.  7.  Normalized  ion  flux  at  torus  output  plane, 
at  the  toroidal  exit.  B=0.02  T.  1  -  Cu"'',  2  -  Cu^"*",  3  -  Cu^"^,  4  -  total  flux. 

(Outward  line  -  toroidal  wall). 
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Approaches  to  two-dimensional  models  of  expanding  vacuum  arc  plasmas 


Erhard  Hantzsche 

Max-Planck-lnstItut  fur  Plasmaphysik,  Bereich  Berlin 


ABSTRACT 

Multifluid  equations  describing  the  plasma  of  vacuum  arcs  expanding  anisotropicaliy  from  a  cathode  spot  are  given  and 
discussed.  Some  first  and  preliminary  results  from  an  approximate  analytical  integration  of  such  a  system  of  equations  are 
presented.  Though  the  dependence  of  the  plasma  parameters  on  the  direction  is  weak,  the  inclusion  of  angular  terms  and 
angular  equations  changes  some  results  significantly,  compared  with  the  experiences  from  usual  one-dimensional  models. 


1.  INTRODUCTION 

By  intensive  evaporation  and  ionization,  partly  also  by  explosive  processes,  each  cathode  spot  of  a  vacuum  arc  generates 
a  small  plasma  ball  of  very  high  density  which  rapidly  expands  towards  the  anode  and  the  walls.  The  properties  of  such 
plasmas  are  investigated  intensively  for  many  years,  e.g.”’’^.  In  long-duration  arcs  with  constant  current  -  sufficient  are  lifeti¬ 
mes  T  >  max(tr  ,y,  (with  the  averaged  residence  time  constant  of  an  arc  spot  t^  =  crater  excavation  time,  and  the  free  flight 
time  of  ions  t^  to  the  most  distant  walls)  -  this  expanding  plasma  is  in  a  quasi-stationary  state,  though  superimposed  by 
rapid  fluctuations.  As  can  be  shown  by  the  solution  of  a  system  of  multifluid  equations  describing  the  components  of  this 
plasma  (e.g.^'"^ )  the  acceleration  of  the  plasma  is  caused  by  three  forces:  the  electric  field,  the  pressure  gradient,  and  the 
electron-ion  friction.  The  expansion  is  neither  adiabatic  nor  isothermal.  Approximately,  the  motion  of  ions  and  electrons  can 
be  formulated  analytically. 

This  theoretical  plasma  model  was  strictly  one-dimensional,  presupposing  a  purely  radial  and  isotropic  expansion  (though 
the  confinement  to  a  jet  with  a  solid  angle  o  <  271  can  easily  be  supplemented).  Indeed,  the  expansion  of  a  geometrically 
undisturbed  spot  plasma  without  magnetic  fields  seems  to  be  almost  isotropic  -  at  least  beyond  a  minimum  distance  r  =  r^j^ 
»  a  (spot  radius),  where  the  form  and  structure  of  the  spot  surface  looses  its  influence  on  the  expanding  plasma.  However, 
a  certain  angular  (i&-)dependence  (fig.  1)  could  be  observed  even  at  r  >  r^j^  (e-g-^'®  )  which  can  be  described  to  be 
somewhere  between  an  isotropic  and  a  cosine  distribution.  Such  a  weak  anisotropy  is  plausible  for  at  least  three  reasons: 
1)  The  preferential  current  flow  towards  the  anode,  2)  the  Lorentz  force  caused  by  the  self-magnetic  field  of  the  arc  current, 
3)  the  contact  of  the  plasma  with  the  cathode  surface  outside  of  the  spot  which  acts  as  a  plasma  sink. 


2.  EQUATIONS 

For  these  reasons,  a  two-dimensional  (or  even  three-dimensional)  extension  of  the  arc  plasma  model  is  desirable  in  order 
to  consider  this  angular  dependence  in  a  suitable  form.  Such  a  model  has  been  developed  and  shall  be  outlined. 

We  use  the  following  variables  and  designations:  Index  k  =  e,  i,  (n)  relating  to  electrons  or  ions  (or  neutrals),  respectively, 
n  density,  p  =  nm  mass  density,  p  pressure,  T  temperature,  Ze  charge,  p*g|  =  Zep/m  space  charge  density,  j  current 
density  =  e(ZnjVj  -  n^v^),  R  friction  force  (-  (v^  -  Vj),  Rj  thermal  force  (-  VT),  Q  friction  energy  flow,  Qj  temperature 
equalization  term  (-  (Tg  -  T|)),  ^  stress  tensor,  q  heat  flux  density  (heat  conduction  -  VT,  and  convection  -  (Vg  -  v^)),  ne^^ 
thermal  energy  density  3/2  kT),  E*  electric  field  strength,  B*  magnetic  field  strength  (induction),  p  =  . 

We  apply  a  spherical  coordinate  system  r,  cp  (fig.  1,  but  see  below)  and  assume  symmetry  around  the  discharge  axis, 
i.e.  independence  of  the  azimuthal  angle  cp.  Moreover,  we  consider  only  time-independent  (or  time-averaged)  conditions  and 
only  one  kind  of  ions,  with  an  averaged  charge  Z,  and  the  BMield  is  assumed  to  be  generated  by  the  arc  current  only.  As 
before,  inelastic  collisions  are  completely  neglected. 

With  these  preconditions  we  get  the  following  system  of  plasma  fluid  equations: 
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1)  equations  of  continuity 


V  (pjc'^ic)  =0 

2)  momentum  equations 

Pic  (^ic-V)  X^ic  =  P%i,ic^*  -  VPic  ±  Rei  ±  Rel,T  +  +  (j'icX-B*) 


3)  equations  of  the  energy  flux 


vl 

V[PicV;,(^  + 


+  E^)  -  {vj^'OjI) 
Pk 


+  ?rjc] 


(j'ic-^*)  ^  (^el  *  ^T.ei 


Compared  with  the  equations  of  former  model  variants®''^ ,  in  addition  to  the  dependence  on  the  second  coordinate,  the  Lo- 
rentz  force  and  the  stress  tensor  have  been  included.  If  several  kinds  of  ions  or  neutrals  are  considered,  further  collision 
terms  have  to  be  added.  Written  explicitely,  the  system  (1)  -  (3)  becomes  very  voluminous  and  cannot  be  given  here.  The 
±  terms  change  their  sign  between  k  =  e  or  i,  respectively. 


3.  SOLUTION 

Since  a  general  solution  of  (1)  -  (3)  seems  to  be  hopeless,  probably  further  simplifications  may  be  unavoidable.  Inspite  of 
the  high  complexity  of  the  equations,  in  principle  approximate  solutions  in  an  analytical  form  must  be  derivable,  using 
asymptotic  semi-convergent  series,  similar  to  the  one-dimensional  case,  but  much  more  extended  and  not  so  easy  to 
handle.  Moreover,  there  arise  some  new  problems  (see  below)  which  are  not  sufficiently  settled  up  till  now.  In  this  way  a 
generai  solution  can  be  derived  only  step  by  step.  The  evaluation  is  still  in  a  very  early  state. 

We  start  again  with  an  expansion  approach  of  the  kind 

X  =  (cosO)  (4) 


where  X  is  symbolizing  all  plasma  parameters  (X  :=  (n^  ,  -  T^  ,  T,  ,  Vg  ^ ,  v,  r  ’  ''e,  «  ’  ''i  (Z),  15  ■  ^  a-S-O-). 

while  the  coefficients  =  const.  The  functions  f^  have  to  be  chosen  in  a  suited  way  to  represent  the  angular  depen¬ 
dences. 

An  extremely  simple  (and  therefore  possibly  questionable)  first  step  towards  a  solution  is  achievable  with  the  help  of  the 
following  presuppositions  and  assumptions: 

1)  We  consider  one  kind  of  ions  only  (index  I,  averaged  charge  Ze),  and  no  neutrals. 

2)  The  functions  f(^)  in  (4)  are  used  in  this  form:  {X,  X,)  =  (Xq  (r),  X.^  (r)}  +  (1  -  p'^>)cos  d],  and  X^  =  X^  (0  sin  d  , 

where  X  :=  (ng ,  n, ,  Tg  ,  TJ  ,  and  the  vector  components  X^  :=  (Vg , ,  v,  ^  ,  E*^ },  X^  ;=  (Vg.^  ,  v^.^  ,  E%  },  with  p'  =  const. 

3)  We  assume  the  applicability  of  the  relation  X^q  =  (rg<^Vr)^<^)  X.^  ,  with  r^^'  =  const,  ^(X)  =  const. 

4)  We  assume  that  p,  r^  ,  and  ^  are  independent  of  the  corresponding  variable  X. 

5)  The  series  (4)  are  used  only  up  to  terms  of  the  first  order. 

6)  We  consider  the  equations  only  near  to  the  axis,  i.e.  where  i&  «  n/2. 

7)  The  contributions  of  heat  conduction,  heat  convection  and  the  stress  tensor  are  neglected. 

8)  "Renormalization"  of  the  largest  terms  in  the  series  expansion  (from  internal  friction  and  Lorentz  force)  by  their  mutual 
compensation. 

9)  Quasineutrality  of  the  plasma  (i.e.  n|=  Og/Z). 

10)  All  terms  ~  p  or  ~  \i''^  are  neglected  (p  =  mass  ratio  mg/m|). 
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11)  The  T| -dependence  of  Rgu  and  the  collisional  heat  transport  caused  by  this  term  are  omitted. 

12)  The  Coulomb  logarithm  in  the  plasma  conductivity  is  taken  constant. 


If  we  apply  the  boundary  conditions  of  Cu  arc  spots,  with  Z  =1.8,  5  =  V|  /Vg  ^  =  0.08,  and  with  spot  currents  of  about  Ig  ~ 
50  A  (or  about  25  ...100  A)  ,  the  following  results  can  be  derived: 


kT. 


eO 


e,  0 


.2/5 


(  1 


0(- 


.2/5 


)  ) 


(5a) 


{j,*^^)5/2  = 


SeJg  (1  -  6) 
(7  +  2Co)  Cj  Og 


«  6.79  J  2/5  {5i3) 


(where  r  is  used  in  the  unit  pm,  c^ »  0.71,  Cj  =  effective  solid  angle  <  271,  and  the  electrical  conductivity  a  =  ,  with 

Gq  =  const).  Moreover, 


“  -  eO 


V\,  (1  -  0.0892^  +  0{^)  ) 


(5c) 


where  v*gQ  =  const  is  given  by  the  asymptotic  mean  kinetic  ion  energy  Ej^  =  m,  (5v*gQ  f  /2,  and,  therefore,  by  the  arc  energy 
balance.  Finally,  we  get  T*q  ^  0.578  ,  and  -  -  0.00186  T*gQ  ,  while  the  plasma  density  is  given  by 


n 


e,0 


(1  +  0.0985 - ^ 

2-2/5 


+  o{ 


(5d) 


with  N*gg=  Ig/c2e(1-5)v*gg .  The  electric  field  strength  is  E*^q~  eri/r^^®,  and  eri,  ~  0.8536  T*go.  Some  of  the  results  (kinetic 
energy  of  ions,  electron  temperature)  are  shown  in  fig.  2  ,  where  the  angular  dependence  is  indicated  too. 


4.  DISCUSSION 

Thus,  as  before  in  the  one-dimensional  models,  integrals  of  the  multifluid  plasma  equations  can  be  found  in  an  analytical 
form  with  asymptotic  semi-convergent  series,  which,  however,  are  much  more  complex  than  in  one-dimensional  approaches. 
They  cannot  be  given  here  explicitely.  Up  till  now  the  derived  solution  Is  a  very  much  simplified  one,  and  the  evaluation  of 
this  solution  is  in  a  preliminary  and  incomplete  state  only.  Some  further  consequences  are: 

1.  Both  Tg  and  Tj  are  higher  than  in  the  one-dimensional  model,  and  the  asymptotic  ratio  T/Tg  ^  0.58  is  considerably 
increased  compared  with  the  one-dimensional  results. 

2.  Consistent  results  call  for  a  reduction  of  the  asymptotic  ion  energy  (e.g.  80  eV)  and  of  the  effective  solid  angle  of 

the  expansion  (c^ «  0.6)  in  comparison  with  the  one-dimensional  case. 

3.  Plausible  values  of  the  new  constants  are  ^  =  2/5,  p  =  5/3  (from  renormalization). 

4.  The  asymptotic  contributions  of  the  single  forces  to  Ej^  are:  +  26.9  %  by  the  electric  field,  +24.3  %  by  the  pressure 
gradient  (composed  of  20.2  %  density  gradient,  and  4.1  %  temperature  gradient),  +57.7  %  by  the  electron-ion  friction,  -  8.9 
%  by  the  thermal  force  (friction  terms  together  48.8  %). 

All  numerical  results  presuppose  that  r  is  taken  in  the  unit  pm.  The  limitations  in  the  range  of  r  where  the  solution  may  be 
used  remain  essentially  unchanged  compared  with  one-dimensional  models.  Since  we  have  restricted  the  solution  to  small 
the  effects  of  plasma-surface  interaction  near  'O  «  7c/2  are  excluded  (an  extrapolation  to  such  angles  Is  possible,  but  not 
realistic). 

Altogether,  the  main  results  can  be  summarized  by  these  statements: 
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1.  If  compared  with  the  outcomes  of  one-dimensional  models®’'*  the  principal  r-dependence  of  all  plasma  parameters  (which 
is  given  by  functions  of  (Ig/r)®'® )  remains  unchanged. 

2.  Generally,  the  ^components  of  all  vectors  are  much  smaller  than  the  r-components  (e.g.  Iv^l  «  lv,l  ,  IE%I  «  IE*rl ),  and 
the  -O-dependence  of  plasma  scalars  and  r-components  is  weak  (  ~  i&®). 

3.  Inspite  of  that,  there  are  (partly)  significant  quantitative  changes  in  the  results  (due  to  changes  of  the  series  coefficients) 
caused  by  d-dependent  terms  and,  especially,  by  the  momentum  equations  in  i9-direction  which  have  to  be  fulfilled  simulta¬ 
neously.  In  this  way  further  conditions  and  restrictions  are  imposed  on  the  solution,  e.g.  by  an  interconnection  between 
otherwise  independent  boundary  conditions. 

4.  All  these  results  must  be  considered  as  very  preliminary  ones,  a)  because  of  too  many  simplifying  presuppositions,  b) 
because  of  too  few  free  parameters  used  in  this  approach,  which  is  not  enough  flexible  up  till  now  for  a  good  adaptability 
to  the  -fl-dependent  equations,  and  there  remains  some  ambiguity  in  the  solutions.  However,  the  discussed  solution 
represents  a  first  step  towards  a  consistent  theoretical  description  of  the  non-isotropic  plasma  flow  in  the  whole  acceleration 
zone.  Further  improvements  by  dropping  the  most  important  simplifications  (and  partly  shortcomings)  are  necessary  and 
planned. 

Another  possibility  to  consider  the  two-dimensional  problem  is  the  introduction  of  an  ellipsoidal  coordinate  system  which  is 
better  suited  than  the  spherical  system.  Especially,  the  transition  zone  from  the  dense  plasma  layer  in  front  of  the  spot 
surface  to  the  almost  freely  expanding  plasma  at  greater  distances  can  be  treated  as  a  one-dimensional  problem  in  a  much 
better  approximation  with  the  help  of  such  ellipsoidal  coordinates  than  with  spherical  ones.  Some  first  results  from  this 
model  are  already  derived. 
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Fig.  1:  Schematic  view  of  the  used 
spherical  coordinate  system 


Fig.  2:  Averaged  kinetic  ion  energy  Ej  and  electron  temperature 
in  Cu  arc  plasmas  as  a  function  of  distance  r  from  the  spot  center 
(with  l=lg),  and  dependence  on  angle  near  the  axis  (i^O) 
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ABSTRACT 

The  present  paper  discusses  the  appearance  of  arc  cathode  spots  observed  in  emission.  Photographs 
yield  a  size  of  about  100  pm  when  using  line  radiation,  whereas  imaging  by  absorption  techniques*  or 
emission  pictures  with  continuum  radiation^  result  in  values  of  about  10  pm,  comparable  to  the  crater 
traces  left  at  the  surface.  Besides  the  size,  the  slope  of  the  spot  profiles  is  considered.  Experimentally, 
it  is  found  that  the  light  intensity  decreases  with  the  distance  r  from  the  spot  center  proportional  to 
This  slope  is  much  less  than  the  expected  dependence  proportional  to  P>4,  i.e.  the  observed  spot 
edge  is  much  less  sharp  than  expected.  The  behavior  of  the  radiation  is  theoretically  studied  by  modelling 
the  radial  dependence  of  particle  densities  and  temperature.  It  is  shown  that  the  line  radiation  stems  from 
a  region  which  is  greatly  influenced  by  the  plasma  expansion  in  competition  with  the  finite  transition 
probability  of  excited  levels.  It  is  concluded  that  emission  pictures  of  cathode  spots  yield  considerably 
higher  spot  diameters  than  corresponding  to  the  spot  core. 

1.  INTRODUCTION 

The  current  conduction  at  the  arc  cathode  is  associated  with  hot  mobile  surface  spots  where  cathodic 
material  is  evaporated  and  ionised,  thus  forming  a  dense  ball  of  vapor  plasma.  The  size  of  the  active  spot 
is  important  for  evaluating  decisive  parameters.  In  spite  of  this,  the  results  in  the  literature  are 
contradictory  since  many  years.  Emission  pictures  of  vacuum  arc  plasmas  are  known  to  yield  diameters 
of  100-200  pm.  However,  absorption  pictures  of  short  duration  vacuum  arc  spots  yielded  a  radius  <10 
pm*.  Also,  craters  left  at  the  surface  after  the  arc  have  small  radii  <10  pm,  for  dc-arcs  as  well  as  for 
nanosecond  arcs.  On  the  other  hand,  it  seems  natural  to  take  the  visible  appearance  of  a  spot  as  its  real 
size.  Thus,  there  is  an  obvious  contradiction  that  must  be  explained. 

As  schematically  shown  in  Figure  1,  we  distinguish  3  light  emitting  spot  zones:  The  inner  Zone  1 
at  r<10  pm  represents  the  dense  core.  With  a  density  >10^^  m’^,  ref.*,  it  will  be  highly  collisional.  From 
the  ion  charge  distribution  measured  outside  the  spot,  an  electron  temperature  >5  eV  is  deduced^.  In  this 
region,  the  plasma  starts  to  expand  with  subsonic  velocity.  The  emitted  light  is  determined  by  continuum 
radiation  due  to  free-free  transitions.  The  outer  Zone  3  at  r>20  pm  consists  of  a  collisionless  plasma  that 
expands  with  a  supersonic  velocity  of  v=  10-20  km/s.  At  distances  r>l  mm  the  electron  density  behaves 
as  coming  from  a  point  source  with  constant  velocity.  The  electron  temperature  amounts  to  1-2  eV.  The 
radiation  preferentially  consists  of  lines  from  excited  atoms  and  ions.  In  the  transition  Zone  2,  the  plasma 
is  accelerated  to  supersonic  velocity,  thus  the  density  should  decrease  more  rapidly  than  with  (because 
for  expansion  from  a  point  source  nvr^=const.).  The  temperature  is  decreasing  from  5  to  1  eV.  There 
occur  all  kinds  of  radiation  (continuum  &  lines).  The  present  paper  discusses  the  consequences  of  the 
radiation  from  these  zones  for  the  visible  spot  structure. 


132/SPIEVol.  2259 


0-8-194-1 581 -2/94/$6.00 


3.  EXPERIMENTAL  BACKGROUND 


Figure  2  shows  a  streak  picture  of  3  arc  cathode  spots  on  a  Ti-cathode  taken  with  a  vacuum  arc  of 
80  A,  using  mainly  line  radiation  from  Ti  I  at  456.263  nm  and  Ti  II  at  458.995  nm  due  to  a  metal 
interference  filter  centered  at  458  nm  and  having  a  FWHM  of  9  nm.  The  transition  probabilities  of  these 
lines  are  3.4x10^  s‘^  and  2.4x10®  s"' ,  respectively  (more  details  in  ref.^) .  One  finds  broad  structures  with 
diameters  around  100  pm  and  blurred  edges.  The  decrease  of  brightness  at  these  edges  can  be 
approximated'*  by  a  power  law  r'^  with  P~2,  r  being  the  distance  to  the  spot  center.  No  systematic 
temporal  change  could  be  found  in  the  range  10  ns  -  100  ps.  However,  when  imaging  the  spots  with  the 
emitted  continuum,  small  structures  with  sharp  edges  (P=4)  have  been  found^.  Figure  3  gives  an  example 
for  a  Ti-arc,  80  A,  using  an  interference  filter  centered  at  512  nm.  Obviously,  judging  the  spot  size  by 
its  optical  appearance  is  less  trivial  as  commonly  assumed. 

4.  THEORETICAL  ANALYSIS 

1)  The  excitation  rates  of  both  continuous  and  line  radiation  are  n^n  (where  n(r)  is  the 
density  of  atoms  or  ions,  n^  the  density  of  electrons),  resulting  in  P  >  4  in  the  Zones  2  and  3  (dv/dt  >  0). 
Moreover,  if  we  apply  a  very  simple  model  of  the  excitation  cross  section  ct  (=  0  for  electron  energies 
E  <  (excitation  threshold),  or  =  =  const  for  E  >  E^^j  respectively)  and  assume  a  Maxwellian 

distribution  of  the  electron  energies,  we  get 


n  m^kT^  ® ^  ^  ^  ^  ^  ^  ^  ^ 

resulting  in  a  fiirther  increase  of  P  (>4),  see  Figure  4,  since  the  electron  temperature  T,  is  slowly 
decreasing  with  r,  refi  . 

2)  The  spontaneous  emission  of  line  radiation  is  delayed  with  a  time  constant  t  =  1/A  (transition 
probability).  We  consider  two  limiting  cases:  a)  x  «  t^^  (expansion  time  constant  t^^  =  n/(v|dn/dr|)  ==  r/2v 
==  2  ...  3  ns),  i.e.  immediate  (local)  emission  resulting  in  P  =  4,  and  b)  x  »  t^^  with  almost  constant 
emission  probability,  the  excited  atoms  radiate  according  to  their  density  n*,  i.e.  p  =  2.  From  the 
measured  spectral  intensities^  and  the  known  transition  probabilities  of  Ti  we  derive  an  averaged  time 
constant  x*  increasing  from  about  5  ns  at  r  «  20  pm  to  10  ns  at  50  pm.  Therefore,  x*l%^ »  1. 

3)  The  calculation  of  the  combined  action  of  collisional  excitation  and  spontaneous  radiation  in 

Zone  2  +  3  is  simplified  by  assuming  an  averaged  x*  =  const,  v  =  const,  and  an  effective  net  excitation 
rate  coefficient  R*  =  Rex/iteO  =  const.  In  this  case  the  number  of  excited  atoms  N*(r)dr  in  the 
hemispherical  shell  (neglecting  any  angular  dependence)  is  determined  by 


dN* 

dr 


-  am 


(2) 


where  e  -  R*Ne]N,/27rv,  N^,  -  Ne(r,),  N,  =  N(r]),  a  =  1/xv),  while  r  =  rj  is  the  boundary  of  Zone  1 
where  the  condition  of  a  detailed  balance  between  excitation  and  de-excitation  is  assumed  to  hold.  If  we 
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neglect  radiation,  we  have  an  increase  of  excited  atoms:  N*  =  N,*  +  e(l/r,  -  1/r)  and  P  <  2.  If  we 
neglect  excitation,  the  number  of  excited  atoms  is  decreasing  according  to  N*  =  N,*  exp[-a(r  -  r,)],  with 
P  >  2.  An  approximate  solution  of  equ.  (2)  applied  to  the  conditions  of  our  Ti-discharge  results  in  P  ~ 
2.0  ...  2.5  in  the  range  r  «  20  pm  ...  60  pm  (Figure  4). 

6.  DISCUSSION 

The  analysis  shows  that  line  radiation  is  inevitably  influenced  by  time  of  flight-effects  that  enlarge 
the  spot  appearance.  These  effects  cause  a  blurred  spot  edge  with  a  decrease  near  r'^,  in  agreement  with 
the  experiment.  Imaging  by  absorption  techniques*  or  using  the  emitted  continuum^  avoids  the  time  of 
flight-effects,  thus  yielding  the  characteristic  spot  size  with  a  sharp  edge  (P>4).  Emission  pictures  using 
line  radiation  reflect  the  process  of  plasma  expansion  rather  than  the  active  spot  zone  where  electrons  are 
emitted  and  atoms  are  evaporated.  These  pictures  do  not  contradict  the  smaller  absorption  pictures  and 
the  surface  craters  that  indicate  current  densities  >10"  A/m^  and  particle  densities  >10^®  m  ^ 
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Fig.  1:  Light  emitting  zones  of 
cathode  spots  (schematically): 

1  -  dense  core,  2  -  zone  of 
plasma  acceleration, 

3  -zone  of  plasma  expansion. 
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Fig.  2:  Streaked  emission  picture  for  a  Ti-arc  Fig.  3:  Streaked  emission  picture  from  the 

viewed  through  an  interference  filter  centered  at  continuum  at  X.=512  nm.  Ti,  1=100  A,  40  ps. 

X=458  nm,  1=80  A.  Discharge  duration  40  ps. 


Fig.  4:Power  P(r)  of  the  spot 
radiation  r"^  when  assuming 
instantaneous  emission  at  the 
locus  of  excitation  and  spherical 
expansion  (curve  1),  and  with  a 
geometric  correction  due  to 
flattening  (curve  2);  delayed 
emission  in  the  expansion  zone 
without  new  excitation,  from 
the  superposition  of  Ti  lines 
(curve  3),  and  delayed 
radiation  with  additional 
excitation  in  the  expansion 
zone  (curve  4).  r-distance 
from  the  spot  centre.  Current 
1=50-100  A. 
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Experimental  research  of  high-voltage  low-current  vacuum  arc 
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ABSTRACT 


Voltage-current  and  other  characteristics  of  the  poorly  explored  type  of 
discharge  has  been  investigated  and  was  found  out  to  be  quite  differnt  from 
the  characteristics  of  other  wide-known  types  of  vacuum  and  gas  discharges. 

A  high  voltage  (U^  100-1000  V)  low  current  (I-^lO-lOO  mA)  vacuum  arc  was 
observed  for  the  first  time  at  the  end  of  the  sixties  in  the  tests  of  vacuum 
gaps  with  metal  electrodes  in  a  pulsed  operation  with  a  pulse  durarion  of  an 
order  of  100  mcsec,  there  being  a  protrusion  on  the  cathode  comparable  in 

4 

dimensions  with  the  vacuum  gap.  After  1970  until  recently  there  were  no 
publications  on  this  discharge  differing  to  a  considerable  extent  from  other 
well  known  types  of  gas  and  vacuum  discharges. 

The  purpose  of  this  work  was  a  study  of  conditions  of  high  voltage  low 
current  vacuum  arc  initiation,  reading  of  its  voltage-current  characteristics 
(VCC)  when  stepping-up  and  down  voltage,  determination  of  dependance  of  arc 
current  and  voltage  on  the  electrodes  spacing  and  also  frequency 
characteristics  of  the  arc. 

The  tests  were  conducted  in  a  chamber  with  oil-free  vacuum  on  the  level  of 
lO^^Torr,  wich  was  provided  by  an  electrodischarge  pump.  Electrodes  were 
out-gassed  by  heating  to  600®C  in  vacuum  directly  in  the  chamber  before  the 
tests.  A  high  voltage  of  selectable  polarity  was  applied  from  a  three-phase 
high  voltage  rectifier  with  a  control  of  the  output  over  the  primary  circuit 
of  a  step-up  transformer.  A  ballast  resistor  from  100  to  900  kOhm  was  inserted 
for  limitation  an  arc  current  between  the  rectifier  output  and  vacuum  gap. 

In  multiple  tests  of  vacuum  gaps  with  plane-parallel  electrodes  of  copper, 
molibdenium,  tungsten,  stainless  and  electrical  steel  the  arc  was  not  observed 
ever  neither  in  the  pulsed  operation  nor  in  the  continuous  mode. 

The  arc  occured  only  in  the  tests  of  gaps  with  an  impregnated  tungsten 
thermoemission  cathode  (both  heated  and  cold)  as  one  of  the  electrodes. 
Emitting  material-impregnated  cathode  tablet  was  activated  directly  in  the 
test  chamber. 

The  arc  occured  after  one  or  several  gap  breakdowns  (point  "A"  in  the 
Fig.l)  appearing  as  a  very  bright  point  glow  in  the  vacuum  gap  with  a  sharp 
step-up  of  the  current  in  the  gap  (from  dosens-hundreds  mcA  to  dosens-hundreds 
mA)  and  step-down  of  the  voltage  in  the  gap  because  of  the  voltage  drop  on  the 
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ballast  resitsor  (section  "arc”  in  the  Fig  !.)• 


Fig.l.  The  initiation  of  the  arc  after  breakdown  (point  "A") 
and  it's  going  out  (point  "B"),The  arc  voltage  -  lower  curve, 
current  -  upper  cerve. 

Typical  arc  current  and  voltage  oscillograms'  images  with  step-up  and 
step-down  of  the  rectifier  output  voltage  are  given  in  Fig. 2,  It  is 
characteristic  that  with  a  step— up  of  the  rectifier  output  voltage  (section  1) 
the  arc  current  increases,  with  a  step-down  of  the  output  voltage  (section  2) 
it  decreases,  while  the  arc  voltage  goes  on  the  contrary. 


Fig. 2.  Conduct  of  the  arc  voltage  (lower  curve)  and  current 
(upper  curve)  with  the  output  voltage  step-up  (section  1) 
and  step-down  (section2). 


The  VCC  of  the  arc  had  the  form  of  hiperbola.  With  an  error  maximum  10%  a 
discharge  power  along  the  VCC  curve  could  be  considered  to  be  constant  in  the 
range  from  90  to  140  W  in  the  dependance  on  the  ballast  resistor,  the  material 
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of  the  electrode  opposite  to  the  thermocathode,  an  electrode  spacing  (from  0.2 
to  0.5  mm)  and  high  voltage  polarity.  The  arc  went  out  if  the  output  voltage 
of  the  rectifier  could  not  provide  the  supply  of  the  present  level  of  power  to 
the  gap  through  the  ballast  resistor  (point  ”B”  in  the  Fig  !•)• 

The  movement  apart  of  the  electrodes  with  a  change  of  electrodes  spacing 
2-4  times  (from  0.2  to  0.8  mm)  and  recording  of  current  and  voltage 
oscillograms  (images  in  Fig. 3)  was  carried  out  to  study  of  the  spacing 
influence  upon  the  arc  characteristics  in  the  gap  after  the  arc  initiation.  In 
the  oscillograms  the  arc  current  and  voltage  remain  invariable  with  the 
spacing  variation. 


Fig. 3.  Conduct  of  the  .arc  voltage  (  lower  curve)  and  current 
(upper  curve)  with  the  electrodes  spacing  increase:  l-d=0 . 4mm; 

2-d=0.6  mm;  3-d=0.8  mm. 

The  most  of  the  energy  consumed  by  the  arcing  goes  for  the  anode  heating 
by  the  electron  bombardment.  The  latter  is  testified  by  rapid  (some  seconds) 
anode  heating  to  the  temperature  of  high  red  glow  with  the  cathode  remaining 
dare  and  cold.  Therefore  carriers  of  the  arc  current  are  basically  electrons. 

Besides  the  gap  increase  during  the  arcing  electrodes  were  mutually  moved 
in  parallel  with  their  plane  surfaces.  The  arc  was  found  out  to  be  "tied"  to 
the  negative-potential  electrode,  the  latter  being  either  thermocathode 
tablete  or  metall  one.  The  arc  conjunction  was  observed  visually  direcrly  in 
the  chamber  and  by  a  melted  trace  of  a  width  from  the  tenths  fractions  to  1  mm 
on  the  posit-  ive  electrode  surface.  When  the  thermocathode  tablet  had 
positive  potential  a  tapered  off-projection  with  a  crater  of  the  thermocathode 
evoparization  products  due  to  the  electron  bombardment  was  observed  on  the 
opposite  electrode  after  arcing  and  its  extinction. 

The  arc  might  be  connected  to  the  non-uniformity  on  the  negative  potential 
electrode.  So  far  as  the  arc  ion  current  is  much  less  than  the  electron  one 
and  there  was  no  noticable  cathode  heating  the  electron  emission  from  the 
cathode  occurs  most  likely  due  to  the  field-emission  mechanism  and  is 
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determined  by  the  field  in  Langmuir  layer  of  the  near-cathode  plasma  (hence 
invariability  of  the  arc  current  and  voltage  when  moving  the  electrodes 
apart).  Photoemission  of  electrons  activated  by  the  arc  radiation  is  also 
possible. 

Arc  frequency  characteristics  were  also  studied  by  means  of  oscillography 
of  the  arc  current  and  voltage  by  storing  oscillograums  with  with  subsequent 
increase  of  sweep  speed  from  0.5  sec/sm  to  1  mcsec/sm.  No  noticable  (in 
comparision  with  current  and  voltage  level)  pulsation  of  the  arc  current  and 
voltage  in  the  frequency  band  up  to  10  MHz  were  not  discovered. 

The  tests  with  heated  up  to  800 electrodes  have  not  showed  any  differen¬ 
ces  in  the  arc  characteristics  in  comparision  with  the  tests  with  cold 
electrodes. 
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ABSTRACT. 

In  this  work  the  kinetics  of  macroparticle  charging  in  the  rarified  part  of  the  arc  plasma  jet  are  studeid.  The  sheath  in 
the  vicinity  of  the  macroparticle  is  collissionless  and  the  problem  with  different  Debye  length  to  macroparticle  radius  ratio  is 
analysed.  Maxwellian  velocity  distribution  functions  with  different  temperatures  for  the  electrons  and  ions  in  an  arbitrary 
ratio  are  allowed  in  the  model.  The  influence  of  the  plasma  drift  velocity  on  the  macroparticle  charging  is  discussed. 

LINTRODUCTION. 

The  erosion  products  of  vacuum  arc  cathodes  consist  of  ions,  neutral  vapour,  and  macroparticles  (MP).  The  MP’s 
are  molten  droplets  or  solid  particles  which  are  generated  in  the  cathode  spot  region  by  action  of  the  plasma  pressure  .  MP  s 
are  small  in  size  (0.1-100  pm)  and  have  decreasing  size  distribution  function2>3.  Suspended  particles  have  been  observed 
also  in  radio  frequency  plasmas  4.  The  macroparticles  become  electrically  charged  through  their  interaction  with  the 
interelectrode  plasma.  The  charged  macroparticles  move  in  the  plasma  and  affect  the  flow  field  of  the  plasma.  Practical 
applications  of  the  vacuum  arc,  and  modeling  of  the  plasma  flow  require  the  understanding  of  the  macroparticle  charging 
processes.  In  the  steady  state  the  macroparticles  develop  a  floating  potential,  so  that  the  electron  current  is  balanced  by  the 
ion  current^.  In  the  general  case  the  charging  time  is  defined  by  the  plasma  parameters  and  in  each  particular  case  the 
relation  between  charging  time  and  the  characteristic  process  time  is  changed.  Thus  in  some  cases  the  macroparticles  don't 
have  time  to  reach  the  floating  potential. 

The  kinetics  of  the  MP  charging  is  determined  by  the  ion  and  electron  flux  to  the  macroparticle  surface,  which  is 
influenced  by  a  potential  distribution  in  the  sheath  surrounding  the  MP.  The  first  detailed  analysis  of  the  probe  in  an 
electrical  discharge  was  provided  by  I.  Langmuir  and  H.M.  Mott-Smith^.  Expressions  for  the  ion  and  electron  flux  to  the 
probe  were  obtained  in  order  to  analyze  the  current-voltage  characteristic  without  solving  the  Poisson  equation  in  the  probe 
vicinity.  A  method  for  solving  the  probe  problem  by  analyzing  all  possible  trajectories  of  the  charged  particles  in  the  sheath 
around  spherical  probes  immersed  in  low-density  plasmas  was  developed  by  I.  B.  Bernstein  and  I.  N.  Rabinowitz  .  The 
appropriate  Boltzmann  equation  was  solved,  yelding  the  particle  density  and  flux  as  functions  of  the  electrostatic  potential. 
J.  Laframboise  solved  this  problem  in  the  case  of  Maxwellian  velocity  distributions  and  finite  current  collection  for  both  ions 
and  electrons^.  An  iterative  numerical  scheme  was  used  in  which  an  initial  trial  function  was  assumed  for  the  charge  density 
near  the  probe.  A  method  was  developed  to  obtain  theoretical  predictions  of  the  current  collected  from  a  plasma  by  an 
electrically  conducting  probe  having  cylindrical  or  spherical  symmetry,  but  results  were  presented  only  for  the  cylindrical 
case.  Poisson's  equation  was  integrated  to  provide  the  electric  potential  field.  E.C.Whipple  found  the  potential  distribution  in 
the  sheath  around  a  body  which  is  emitting  electrons.  In  the  case  of  attracted  particles  (ions)  the  assumption  was  made  that 
there  were  no  extrema  of  the  effective  potential  curves^.  Also  a  second  approach  of  a  monoenergetic  ion  distribution  was 
used.  In  the  all  probe  problems  the  probe  potential  is  set,  which  is  the  boundary  condition  for  the  sheath  surrounding  the 
probe. 

In  the  case  of  an  isolated  MP,  the  situation  is  different  in  that  the  both  MP  potential  and  plasma  response  time 
evolution  is  determined  by  the  self-consistent  solution  of  the  set  of  equations.  This  problem  was  formulated  in  the  planar  case 
by  J.W.  Cirolla  and  M.B.  Silevich^®.  The  one-dimensional  model  for  the  time-dependent  behaviour  caused  by  placing  an 
uncharged  conducting  surface  in  contact  with  a  uniform  equilibrium  plasma  was  studied.  Both  the  probe  potential  and  plasma 
response  are  unknown  a  priori  but  are  specified  through  a  set  of  self-consistent  model  equations  and  boundary  conditions. 

In  the  present  work  the  kinetics  of  MP  charging  in  the  interelectrode  gap  of  the  vacuum  arc  are  studied.  In  order  to 

define  the  mathematical  model  the  following  assumptions  are  made: 

(1)  The  plasma  consists  of  two  species  of  charged  particles.  In  many  experimental  cases  thermal  equilibrium 

between  two  species  is  not  achived  and  therefore  an  arbitrary  temperature  ratio  is  assumed. 

(2)  The  plasma  is  so  rariefied  that  Debye  length  (Lq)  is  much  smaller  than  the  mean  free  path  for  electron-ion 
collisions(L(.)  and  thus  the  sheath  around  MP  can  be  considered  as  collisionless. 

(3)  The  spherical  case  is  discussed  for  Rp«Lp)  and  Rp  «  Lp,  where  Rp  is  the  MP  radius. 

(4)  The  plasma  jet  flow  is  not  substantially  obstructed  by  the  MP's,  and  thus  spherical  symmetry  of  the  plasma 
density  relative  to  the  macroparticle  is  assumed. 

(5)  There  is  no  magnetic  field  present. 
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2.PROBLEM  FORMTII.ATTON. 

The  kinetics  of  the  MP  charging  is  controlled  by  the  ion  and  electron  flux  to  the  MP  which  depend  on  the  potential 
distribution  in  the  sheath.  The  Poisson  equation  is  solved  to  obtain  this  distribution 

V^U(r)=e/8o[Ne(r)-Ni(r)]  (1) 

where  Ng(r)  and  Nj(r)  are  the  electron  and  ion  densities,  respectively,  e  is  the  electron  charge;  and  Eq  is  the 
permittivity  of  vacuum.  This  equation  is  solved  in  the  region  [Rp;  Rqo],  where  Rp  is  the  MP  radius, 

Roo  is  the  external  boundary  of  the  sheath  where  the  following  conditions  are  fulfilled: 

(R^)  =  0;  5U(R«,)/ar  =  0;  (2) 

The  magnitude  of  the  electric  field  E(r)  changes  with  time  according  to  the  relation: 

6o  aE(r)/a=-[Ji(r)-Je(r)]  (3) 

where  Jg(r)  is  the  electron  current  density;  and  Jj(r)  is  the  ion  current  density;  The  time  derivative  of  the  electric 
field  is  a  function  of  the  radius  r.  The  simple  estimation  seems  that  the  characteristic  time  of  the  electric  field  changes  is 
smaller  with  radius  and  the  maximum  time  we  have  at  the  macroparticle.  Then  equation  (3)  was  solved  only  at  the  radius  Rp. 
In  order  to  solve  the  system  of  equations  (1)  and  (3),  the  electron  and  ion  density  and  flux  must  be  obtained. 


3.  ELECTRON  and  ION  DENSITY  and  FITJX. 

In  our  assumption  framework  both  species  are  described  by  a  Maxwell-Boltzman  distribution  function  of  the 
constants  of  motion,  namely  the  total  energy(E)  and  the  angular  momentum(L)l  The  radial  flux  of  a  carrier  is  governed  by 
the  effective  potential  energy  Ugff(r)=LV2mr^+qU(r),  where  q,m  are  the  particle  charge  and  mass,  respectively,  L=mv0r  is 

the  angular  momentum  relative  to  the  center  of  force, vq  is  the  tangential  projection  of  particle  velocity  vector,  r  is  the 

distance  from  center  of  force,  and  U(r)  is  the  local  potential.  A  charged  particle  with  total  energy  E  and  angular  momentum 
L  has  a  nonzero  radial  velocity  projection  at  the  radius  r  if  next  condition  is  fullfilled: 

E  ^  Ugff  (4) 

The  density  and  flux  are  moments  of  the  distribution  function  in  the  range  of  L  and  E  which  is  fulfilled  by  condition 
(4).  At  the  initial  time  the  more  mobile  electrons  charge  the  macroparticle  negatively.  Therefore  let  us  discuss  electrons  as 
are  retarded  and  ions  are  attracted  particles.  In  case  of  electrons  qU(r)>0  and  the  electrons  are  repelled  by  the  effective 
potential.  Integration  of  the  distribution  function  yields  an  expression  for  electron  density  as  function  of  local  potential 

Ne(z)=No/2{exp(-(p  )[l+erfl(  (pp-  )‘/2]+(l-z2)‘/2exp{z2((pp-(p  )/(l-z2)}(l-erf[{((pp-(p  )/(l-z2)}‘/2])};  (5) 

where  (p=qgU(r)/kTg,  z=Rp/r;  and  erf  is  the  error  function;  Nq  is  the  electron  density  in  the  bulk  of  plasma;  Tg  is 
the  electron  temperature;  k  is  the  Boltzman  constant;  and  we  use  the  subscript  p  to  indicate  all  parameters  at  the  MP  surface. 
The  electron  flux  current  density  flowing  to  the  spherical  body,  obtained  from  the  analysis  of  Ugff(r)  is  given  by^^: 
Je=Jeoexp(-  cpp)  (6) 


where  is  the  electron  flux  in  the  absence  of  a  field; 

In  the  case  of  attracting  particles  (ions)  the  potential  energy  qU(r)<0  and  therefore  U^ff  consists  of  two  terms  with 
different  signs.  The  resulting  sign  of  Ugff  depends  on  the  magnitude  of  L.  In  general  we  have  a  family  of  Ugff(r)  curves 
which  correspond  to  different  values  of  L  (fig.  1  ).  Let  be  the  value  of  L  at  which  Ugff<0  for  all  r  and  Lgj.  is  the  value  of 
L  at  which  Ugff  has  no  extremum  and  for  all  r  Ugff>0.  For  an  arbitrary  L  in  the  interval  La<L<Lgj.  Ugff  has  extremums. 
Let  us  discuss  situation  for  the  ion  with  an  angular  momentum  L  in  this  range.  At  the  radius  r  the  total  energy  of  ion  must 
satisfy  the  condition: 

E  ^  UefK^max)  0) 

where  rj^^^  is  the  radius  at  which  function  Ugff  has  maximum.  Let  us  discuss  the  general  case  of  the  potential 
distribution  and  in  place  of  condition  (7)  we  use  at  some  radius  r<rjj^^x  condition: 

E  —  Elgff(r)  (8) 
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This  means  that  the  probability  of  an  ion  passing  by  the  MP  without  colliding  with  it  does  not  depend  on  the  potential 
distribution,  but  rather  only  on  the  local  potential.  The  model  potential  in  this  case  has  some  plateau  a-a’  is  presented  in  fig.  1. 


Fig.  1 .  Effective  potential  curves  for  ion.  Fig.2.  Relation  between  ion  energy  and  angular  momentum 

Then  in  the  E-L^  plane  we  have  only  two  types  of  ion  trajectories  which  correspond  to  the  two  potential  distributions  U(r)~ 
1/r  ^  with  n>2  and  n<2  (fig.  2),  where  region  C  correspond  to  the  ions  captured  by  the  MP  and  region  B  to  tlm  ions  penetrate 
to  a  radius  r  but  are  unable  to  reach  the  MP.  The  same  two  types  of  trajectories  was  discussed  by  Whipple^.  In  this  model 
framework  we  can  obtain  analytical  expressions  for  the  ion  density  versus  local  potential: 

Ni(z)=No{(-(p/TtP)0-5+0.5  exp(-(p/p  )(l-erf(-cp/p  )'/^)+((z>p-(p  j/pn 

+  0.5(l-z^)‘'^^exp[((p-z^(p  p)/p(z^-l)]  (l-erf(((p-z^(Pp)/P(z='-l))/^)}  (n<2) 

Ni(z)=No{(-9/7:P)®-^+0.5exp(-  (p/p)(l-erf(-  (p/p)'/^)+  0.5(l-z=')'/^exp[((p-z='  (ppj/pCz^'-l)]}  (n  >2)  (9 ) 

In  order  to  determine  the  ion  flux  let  us  discuss  the  two  different  sutuations  presented  in  figure  2.  In  case  (a)  the 
corresponding  integral  of  the  distribution  function  has  form: 


JrJio(i  -  yp ) 


(10) 


where  Jjq  is  the  ion  flux  in  the  absence  of  a  field,  P=Tj/Tg;  This  expression  was  first  obtained  by  Langmufr  .  In 
case  (b)  the  situation  is  more  difficult.  If  the  electric  potential  in  the  vicinity  of  the  MP  decreases  more  rapidly  then  1/r  ,  then 
we  have  the  case  illustrated  in  the  fig.3.  The  region  D  in  the  E-L^  plane  appears.  This  region  is  defined  by  lines  Ugjg(r), 
where  r  is  changed  from  Rp  up  to  Roo-  If  we  know  this  region  than  we  can  define  ion  flux  in  his  case.  Let  us  detemime  the 


equation  of  the  curve  which  limit  this  region. 


Fig.3.  Definition  ion  flux  to  the  MP  in  the  case  n>2 


Fig.4,  Ion  current  density  vs  MP  potential 


The  problem  is  to  find  the  envelope  of  a  family  of  a  lines.  In  the  case  of  a  line  with  constant  length  a  which  moves 
with  its  ends  on  two  perpendicular  lines,  this  curve  is  a  hypocycloid  of  four  cusps^^.  The  equation  of  this  curve  in  the  XY 
plane  is: 
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x2/3  +  Y2/3  =  a2/3 

In  the  F  -  F  plane  we  have  that  in  our  case  the  functional  relation  between  F  and  F  has  form 
f2/3  +  (i2.a)2/3  =  ^213 


Here  we  use  dimentionless  variables  F=E/kTe;  F=LV[MjR"pkTe]  x=r/Rp  and  the  constant  a  is  the  length  of  lines 
a=(2+  20-3)(pp  gy  substitution  F=  (pgfF'P  the  upper  limit  F^j^x  of  the  region  D  is  obtained  from  equation  (12).  The 
solution  of  this  equation  Fj^ax~2-207  cpp 

By  integration  of  the  distribution  function  in  the  F-F  plane  an  analytic  expression  for  the  ion  current  density  is 
obtained: 

^^max 

Ji=Jio{exp([{pp-Finax]/p)+  1  exp[-(a2/3.(a-x)2/3)3/2]dx}  (13) 

0 

Fig.  4  shows  the  influence  of  the  potential  distribution  on  the  ion  current  density.  The  upper  curve  corresponds  to 
the  Orbital  Motion  Limit  (OML)  ion  density  with  n<2  (Eq.  10  )  and  the  lower  curve  if  defined  by  equation  (13). 


4.RESTJLTS. 

4.1.  Small  Macroparticles  fRQ=Rp/Lp«lf 

The  potential  distribution  in  the  vicinity  of  small  MP's  (Ro=Rp/Lg«l)  in  the  moments  of  non-dimenional  time  t 
=1,  10,  20  {T=t/(Lp)/  V^i,)},  where  Vth  is  the  ion  thermal  velocity.is  shown  in  figure  5.  In  the  particular  case  Ro=0.01;  p 
=0.5;  Mj=47.9  (Titanium)  the  stationary  distribution  is  settled  during  x=10.  Initially  the  charging  process  is  controlled  by 
electrons  (Jg»Jj)  but  the  charging  time  is  limited  by  the  ion  time  scale.  For  comparison  a  distribution  with  slope  1/fr  is 

c  'T’U^  _ _ _ _ _  n  •  .  •  •  ^ 


(R-Rp)/Rp 

Fig.S.The  potential  distribution  as  a  function  of  position 

Rp/LD=0.01;  Ti/Te=0.5;  Mi=47.9 


time, sec 

Fig.6.The  evolution  of  the  MP  charge 

1  -Ng=  1 0  ^  ^m"3  ;2-Ng=  1 0  ^  2  jjj-3  ;a-R  =0. 1  pm  ;b-Rp=  1  pm 


Fig.6  shows  the  time  evolution  of  the  MP  charge  in  the  case  of  a  titanium  plasma  with  Tg=6  eV; 
P=0.5  and  for  electron  densities  Ng=10^^-10^2  ni-3  pgj.  jyjp  q.I-I  pm.  The  maximum  charging  time  is  10'3  sec, 
and  occurs  if  Ng=10l^m"3  and  Rp=0.1  pm.  The  charge  which  accumulated  on  the  macroparticle  depends  on  the  electron 
temperature.  In  the  case  of  Tg=6  eV;  P=0.5;  Rp=0.1  pm  the  charge  is  2x10-16  c  or  is  about  1250  electron  charges.The 
dependence  of  the  MP  charge  from  parameter  p  with  Tg=const  is  shown  in  figure  7.  This  function  has  an  extremum  in  our 
framework  at  P  =3.  This  happens  because  with  large  Tj  the  ion  flux  isn't  influenced  by  the  MP  potential  and  is  controlled 
only  by  Jjg  and  therefore  the  steady  state  charge  is  smaller.  In  the  case  of  Ro«l  the  potential  distribution  decrease  with 
increase  of  r  slower  than  l/r2  ,  This  means  that  the  electron  and  ion  fluxes  aren't  influenced  by  potential  distribution  and 
controlled  only  by  the  MP  potential. 


In  the  large  macroparticle  case  (Ro=l)  we  also  assume  that  all  types  of  ion  trajectories  are  possible.  But  in  this  case 
the  potential  distribution  differs  from  that  in  the  previous  case  (  Fig.  8).  In  the  case  Ro=l  the  potential  decreases  with 
increasing  r  more  rapidly  than  1/r  2.  The  ion  flux  is  smaller  than  OML  and  is  defined  by  equation  13. 
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The  stationary  potential  distribution  is  formed  during  a  time  t=0.5.  In  this  case  the  steady  state  MP  potential  is 
larger  than  previously,  because  the  ion  flux  is  smaller.  In  this  case  the  steady  state  electrical  field  at  the  macroparticle  surface 
is  larger  than  in  case  a  and  the  MP  charge  is  larger  than  in  the  previuos  case  . 


Ti/Te 


Fig. 7.  MP  charge  vs  Tj/T^  (Rq«I  model);  1^-3  eV;  Rp=l  l^m 


Fig.S.The  potential  distribution  as  a  function  of  position 
Rq=1;  p=0.5;Mp47.9 


5.THE  INFLUENCE  OF  THE  PLASMA  DRIFT  ON  THE  MP  CHARGING. 


The  vacuum  arc  plasma  jet  has  a  high  directed  energy.  The 
relation  between  thermal  ion  energy  and  directed  energy  was  analyzed 
by  Lunev  V.  et.  al.^^.  They  shown  that  the  ratio  Wjq/Tj  where  Wj^  is 
the  directed  energy,  depends  on  the  arc  current,  and  for  the  Mo  vacuum 
arc  it  is  between  1.5-5.  The  ion  flux  to  the  macroparticle  is  determined 
by  the  directed  and  thermal  energy.  If  the  drift  velocity  is  Uq,  the  ^ 
distribution  function  is  Maxwellian  when  referred  to  a  frame  moving  0 
with  the  velocity  Uq.  In  order  to  determine  the  flux,  let  use  assume 
that:  (a)  the  MP  is  small(RQ«l);  and  (b),  that  the  sheath  is  symmetric 
around  the  MP  and  isn't  distored  by  the  drift.  This  means  that  in  this 
system  the  total  energy  and  angular  momentum  are  conserved.  As  1/Rq 
becomes  infinity  it  is  found  that  the  ion  flux  approaches  a  limiting 
form,  which  can  be  obtained  by  the  application  of  the  d'Hcmital  rule. 
This  method  was  used  by  H.  M.  Mott-Smith  and  J.  Langmuir^. 


Fig.9.  The  evolution  of  the  MP  chame. 

Te=3  eV;  Vi-1.27-10'^  m/s;Ne=10l^“^;Rp=0.1  pm. 


The  resulting  expression  for  the  ion  flux  has  the  form: 


Jj(a  /(2a)  erf  (a )  [0.5+  a^-  (pp/p]+0.5exp(-  a^)}  (14) 

where  a=Uo/(2KgTj/Mi)^^  .  The  results  of  the  calculation  of  the  evolution  of  MP  potential  with  time  for  different  a 
are  presented  in  the  fig.  9.  In  the  particular  case  of  titanium  with  a  mean  plasma  directed  velocity  ^2  Uq=1.2710'^  m/s  ,  Tq=3 
eV,  Rp=0.1  pm,  Ng^lO^^  ^-3^  influence  is  small  in  the  wide  range  of  a  (0-100). 


6.  DISCUSSION. 

In  this  work  the  MP  charging  in  the  interelectrode  plasma  of  the  vacuum  arc  is  discussed.  This  process  is 
characterized  by  a  charging  time  and  by  the  magnitude  of  the  charge  which  accumulates  on  the  MP.  The  charging  time  is 
determined  by  parameters  of  the  plasma  and  macroparticles.  In  a  particular  case  where  Nq=10^^  m"^,  Rp=0.1  pm;  Te=6  eV 
the  charging  time  is  about  10"^  sec.  This  means  that  that  MP's  in  shorter  duration  arcs  and  fast  MP  travelling  through  small 
plasma  jets  will  not  be  fully  charged.  The  dependence  of  the  non-dimensional  charging  time  on  parameter  Rq  is  shown  in  the 
figure  10.  Physically  this  means  that  the  charging  time  is  smaller  in  dense  plasmas.  In  significant  reduction  was  observed 
in  the  number  of  macroparticles  reaching  substrates  placed  in  the  arc  plasma  jet,  as  a  result  of  negative  biasing  of  the 
substrate  relative  to  the  anode.These  results  can  be  explained  by  the  electrostatic  repulsion  of  the  negatively  charged 
macroparticles,  i.e.  by  fullfilling  the  conditions:  Q  pU^^j^g  >  !4MpV^p  where  U^^jas  is  the  bias  voltage;  Vp,  Mp  are  the  MP 
velocity  and  mass;  Qp  is  the  MP  charge. 
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The  fraction  of  MP's  repelled  from  a  negatively  biased  substrate  was  calculated  using  the  distribution  of  Rp  from 
with  experimental  conditions  which  are  close  to  the  conditions  in^^.  By  calculation  of  the  maximum  MP  radius  Rpmax 
which  fullfilled  condition  mentioned  above  for  U^jas  using  the  distribution  of  Rp  -F(Rp)  the  fraction  of  repelled  MP’s  by 
bias  Ujjjgg  is  calculated:  I^pmax 

f=  J  F(Rp)dRp 
0  ^ 

The  results  are  shown  in  figure  11,  where  Vp  is  the  parameter,  and  the  results  of  are  also  shown  for  comparision. 
A  good  agreement  is  obtained  for  Vp  close  to  30  m/s  using  the  Ro«l  model,  and  for  Vp  close  to  50  m/s  for  Rq«1  model. 


Fig.lO.Charging  time  vs  Rp/Lj^  ratio.Tg=3  eV;  Fig.  1 1. The  fraction  of  MP’s  repelled  by  bias. Rq«1  model 
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ABSTRACT 

The  paper  deals  with  modeling  processes  at  the  electrode  regions  of  pseudospark  devices.  We  have  analyzed  the 
physical  processes  that  could  result  in  the  initiation  and  development  of  explosive  electron  emission. 

It  has  been  proposed  [1]  that  in  pseudospark  devices,  explosive  electron  emission  occurs  at  the  cathode.  We  have 
analyzed  the  physical  processes  that  could  result  in  the  initiation  and  development  of  explosive  electron  emission. 

Let  us  consider  the  processes  that  occur  inside  a  hollow  cathode  beginning  with  the  formation  of  a  cathode  plasma. 
The  external  electric  field  penetrates  through  the  cathode  hole  into  the  hollow  cathode.  If  we  assume  that  the  electric  field  in 
the  gap,  (  Eq  ),  is  uniform  and  the  cathode  hole  dimensions  (the  cathode  hole  radius  a  «  are  much  less  that  the  cathode 
transverse  dimensions,  then,  according  to  Smythe  [2],  the  potential  of  the  electric  field  behind  the  cathode  is  given  by 

U -  aE^k^ [k^  -\l7r(k^  arcctgk^  - 1)] , 


The  origin  of  the  coordinates  is 
placed  into  the  hole  center.  In  the  generation 
of  plasma  inside  the  hollow  cathode,  a  region 
free  from  plasma  forms  near  the  hole,  since 
the  plasma  is  forced  out  by  the  electric  field 
penetrating  through  the  hole.  The  boundary 
of  the  plasma  surface  is  determined  by  the 
equality  of  pressures  between  the  plasma  and 
the  electric  field  inside  the  hollow  cathode. 
From  Fig.  1  showing  the  plasma  surface 
boundary  for  different  plasma  densities,  it  can 
be  seen  that  the  plasma  surface  is  shaped  as  a 
paraboloid  of  revolution,  whose  dimensions 
decrease  with  increasing  the  plasma  density. 
Assuming  that  the  electron  emission  from  the 
plasma  smface  is  uniform  and  the  initial 
electron  velocities  are  zero,  we  may  follow 
the  trajectories  of  the  emitted  electrons  for 
different  discharge  stages  with  their 
associated  plasma  densities. 

From  Fig.  2  it  can  be  inferred  that  at 
the  lowest  plasma  density  the  electrons 
emitted  from  the  plasma  surface,  while  moving  under  the  action  of  the  electric  field,  scatter  by  the  inner  wall  of  the  cathode. 


where  k,  = - j  ^2  ~  —  • 

ak^  a 
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Moreover,  the  electrons  emitted  from  the  plasma  surface  near 
the  cathode  wall,  those  whose  trajectories  are  the  longest, 
execute  oscillatory  motions  under  the  action  of  the  electric  field 
inside  the  plasma-free  region,  ionize  the  residual  gas,  thereby 
increasing  the  total  number  of  electrons  in  the  beam.  As  the 
plasma  density  increases  and  the  plasma-free  region  contracts, 
more  and  more  electrons  pass  through  the  hole.  The 
enhancement  of  the  external  electric  field  at  the  edges  of  the 
cathode  hole  and  the  bombardment  of  the  cathode  by  the  cathode 
plasma  electrons  initiate  the  processes  of  desorption  and 
ionization  in  the  region  of  the  cathode  hole.  This  may  eventually 
result  in  explosive  electron  emission  at  the  cathode  edge.  The 
plasma  produced  as  a  result  of  the  cathode  processes  expands 
and  bridges  the  cathode  -  anode  gap.  However,  the  velocity  of 
plasma  expansion  observed  experimentally  at  explosive  emission 

(v«10^  cm/  s)  ^  gave  no  way  of  providing  an  explanation 

for  the  conductance  time  100  ns  measured  by  [4,5]  with  co¬ 
workers  and  the  fact  that  the  conductance  time  depends  on  the 
gas  pressure  in  the  gap.  Therefore,  we  considered  the  ionization 
of  the  residual  gas  by  an  electron  beam  and  the  motion  of  the 
ions  in  a  self-consistent  non-steady-state  electric  field  in  a 
cathode-anode  gap.  We  used  our  previously  developed  model  of 
a  low-pressure  gas  discharge  with  a  plasma  boundary 
propagating  from  cathode  to  anode.®’^’^’^  The  numerical 
simulation  was  carried  out  as  a  one-dimensional  approximation 
(plane-parallel  geometry)  for  a  gap  of  spacing  d  =  0.5  cm  and 
gas  (nitrogen)  pressure  of  0.5  and  1  Torr  at  U  =  lO'^.V.  The 
shorter  conductance  time  (see  Fig.  3  )  in  comparison  to  the  time 
needed  for  expanding  cathode  plasma  to  bridge  the  gap, 
predicted  by  modeling  the  discharge  process,  is  due  to  the 
nonmonotonic  potential  distribution  in  the  gap.  The 
nonmonotonicily  (potential  well)  is  caused  by  the  accumulation 
of  positive  ions  produced  as  a  result  of  the  ionization  by  the 
electrons  beam.  Since  the  voltage  applied  to  the  gap  is  lO'*  V 
and  the  electron  impact  ionization  is  a  maximum  at  100  V*®,  the 
potential  well  is  located  near  the  cathode  or  at  the  expanding 
cathode  plasma.  The  region  of  local  reduction  in  potential,  first, 
slows  down  the  positive  ions  generated  in  this  region  and, 
second,  accelerates  the  cathode  plasma  ions  deep  into  the 
discharge  gap.  As  the  cathode  plasma  absorbs  the  ions  produced 
in  the  gap,  the  depth  of  the  potential  well  decreases,  the  cathode 
plasma  stops  accelerating,  and  the  next  potential  well  forms  at 
the  distance  from  the  cathode  plasma  boundary,  corresponding 
to  the  potential  100  V.  An  increase  in  residual  gas  pressure 
favors  more  rapid  accumulation  of  ions  and  decreases  the  time 
intervals  between  the  stepwise  propagation  of  the  plasma  deep 
into  the  gap. 
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ABSTRACT 

The  results  of  investigation  of  high-  current  vacuum  arc  with  Ti  cathode  filled  by 
deuterium  till  .x-l  (at. D/at. Ti)  are  presented.  Electric  and  erosion  characteristics 
were  measured.  The  investigations  proved  this  discharge  to  be  very  differing  from  Lho 
cKc  with  degassed  electrodes.  The  results  obtained  indicate  the  gas-  filled  electrodes 
have  good  prospects  for  some  technical  applications. 

1 .  IKTRODUCTION 

The  characteristics  of  a  vacuum  arc  with  a  metal  cathode,  filled  with  the  hydrajon 
■ill  x~l  (x-  a  ratio  of  hydrogen  atom  number  to  the  metal  atom  number  in  the  sample) 
essentially  differ  from  those  of  an  arc  with  degassed  electrodes.  ^Gas-filled  mcLals 
formerly  were  used  in  vacuum  ccmmutation  devices  only  for  triyqcu'  MKj  ,  but  not  as  main 
discharge  electrodes.  The  discharge  with  gas-filled  electrodes  (GFE)  remained  unstudi¬ 
ed.  The  preliminary  results  of  our  investigations  were  published  recently  . 

2. EXPERIMENTAL  SET-UP  AND  METHODS 

Investigated  was  a  discharge  fed  by  a  special  generator  of  rectangular  voltage  pul¬ 
ses  with  an  amplitude  U=115V  and  regulated  duration  t:^5  ms  enduring  loads  of  1^6  kA. 
The  current  was  regulated  by  a  ballast  resistor.  The  discharge  weis  ignited  in  a  vacuum 
chamber  (p-lO  'Pa)  during  a  continuing  pumping.  The  electrodes  were  butt  ones  with  a 
diameter  2-R^20  mm,  the  gap  h=(l-16)  mm.  The  cathodes  and  the  anodes  were  made  of  oxy¬ 
genless  Cu.  On  the  cathode  butt  was  a  Ti— layer  10  or  45  /jm  thick  filled  with  deuterium 
till  x~l.  In  control  experiments  were  used  Cu  cathodes  without  any  coating  and  the 
cathodes  of  titanium  VT-1  specially  degassed.  The  degassing  was  carried  out  at  Tftl  lOOK 
during  2-r6  hours  in  a  vacuum  ~10  Pa.  The  discharge  was  ignited  in  the  center  by  a 
current  break  in  the  auxiliary  circuit.  The  current  and  the  discharge  voltage  were 
recorded  by  digital  stored  oscillographs.  The  processes  on  the  cathode  were  observed 
at  a  small  angle  by  high-speed  photography  (HSP) .  For  spectroscopic  measurements  there 
were  used  two  monochromators  with  photomultiplaiers.  The  radiation  was  led  out  on  the 
splits  of  monochromators  with  the  help  of  two  fibers  whose  other  ends  could  be  replac¬ 
ed  on  the  plane  of  twice  reduced  discharge  image.  The  space  resolution  Jtlram.  The  metal 
erosion  was  determined  by  a  weight  method,  and  the  gas  expense  -  by  the  pressure  chan¬ 
ge  after  arcing  in  a  chamber  with  cut-off  pumping. 

3. RESULTS  AND  DISCUSSION 

3.1.  It  is  known  that  in  a  discharge  with  degassed  electrodes  the  life-time  of  the 
discharge  with  a  rather  low  noise  level  T  is  determined  by  the  current,  the  size  and 

the  material  of  the  electrodes,  the  gap  length  .  For  instance;  at  1— 5  IlA,  2-R=20  m, 

h=8  mm  for  a  cathode  out  of  degassed  Ti  t 1 80-200  ijb;  of  oxygenless  Cu  t~300— 320  gs. 

In  the  GFE  discharge  a  low  noise  level  is  maintained  dui'ing  the  vhole  pulse  even 

in  the  case  its  duration  reaches  the  value  oi  L™‘jUu0/'s,  maximally  accessible  in 
our  experiments  (fig.l).  In  initial  discharge  development  stages  the  current 
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maximal 
GFE  and  ~8'  10 


increase  rate  when  the  GFE  are  lased,  essentially 
exceeds  that  of  the  degassed  ones.  In  particular, 
at  the  earlier  mentioned  parameters  the 
value  is  dl/dt  ~2-  10^  A/.s 

-  degassed  Ti  (with  our  experimental  set-up  Lhe 
maximal  rate  of  the  current  increase  in  a  short- 
circuited  discharger  is  '-4- 10  A/s) . 

The  volt-amperic  characteristics  (VAC)  of  dis¬ 
charges  with  GFE  (45  pm  layer)  and  degassed 
electrodes  are  shown  in  fig. 2  (there  are  given 
quasi  stationary  VAC,  i.e.  correlations  between  U 
and  I  on  the  discharge  pulse  plateau;  for  the  dega¬ 
ssed  electrodes  -  those  directly  before  the  .  noise 
increase) .  The  voltage  of  the  GFE  discharge  at  the 
current  decrease  tends  to  attain  the  value  approxi¬ 
mately  on  1.5  V  lower,  than  that  of  the  degassed  electrode.  The  VAC-  sloping  is  also 
c:!sentially  different.  Note  the  presence  of  two  plots  with  different  VAC-slopes  of  the 
GFE  discharge  especially  clear  at  long  h. 

One  of  the  most  significant  high-current  vacuum  arc  characteristics  is  the  current 
T^-  critical  for  the  anode  spot  formation.  In  the  discharge  with  a  degassed  Ti  at 

h=3mm  iJ-AVJK,  and  at  h=8  mm  I^~3  kA.  In  the  GFE  discharge  an  anode  spot  formation  C^r 


Fig.l.  Current  oscillrxji  mi:?. 


has  not  been  observed  until  the  maximal  current,  provided  by 
£<6  kA. 


a  feeding  source : 


3.2.  The  described  electric  characteristic  peculiarities  of  the  GFE  dischaange  parti¬ 
ally  are  elucidated  during  the  comparison  with  the  cathode  process  investigation  re- 
fuilts.  It  is  known  that  after  the  discharge  excitement  on^  the  degassed  preliminary 
trained  electrodes  the  cathode  spots  form  a  expanding  ring"*.  The  analysis  of  HSP  data 
showed  that  on  the  GFE  not  a  ring,  but  a  circle  of  spots  is  formed  practically  unifor¬ 
mly  filled  by  cathode  spots.  The  circle  radius  r  is  growing  in  time  under  other  equal 
conditions  much  more  quickly  than  the  ring  radius  on  the  degassed  electrodes  (fig. 3). 
Note  that  on  badly  degassed  electrodes  the  surface  processes  were  partially  like  those 
oltserved  on  GFE;  inside  the  cathode  spot  ring  some  activity  was  noticed,  which  was  the 
more  expressed  -  the  worse  degassed  the  electrode  was.  The  analysis  of  the  VAC-slope 
dependence  on  the  gap  le^th  h,  made  in  accordance  with  at  sufficiently  long  h 
(h»lmm) ,  when  the  model  ’  may  be  applied,  also  showed  that  in  the  GFE  discharge  the 
current  density  distribution  is  more  uniform.  In  fact,  in  the  discharges  with  electro¬ 
des  of  degassed  Ti  this  dependence  has  a  logarithmic  character,  meanwhile  in  GFE  dis¬ 
charge  for  the  both  characteristic  VAC  -  plots  its  character  is  a  linear  one  (fig. 4). 

The  high  rate  of  the  spot  circle  expanding  provides  a  high  rate  of  a  current  inc-- 
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rease  and  correspondingly  -  a  quick  attainment  by 
the  current  of  a  quasi  stationary  level  in  the 
Ct’E  discharge.  On  the  degassed  material  the  spot 
ring  diameter  2’r(t)  after  the  time  t  becomes 
equal  to  that  of  the  cathode  2-r(T)"2-R  (e.g.  on 
Ti  at  I=5kA  '4^200  (fig. 3)),  and  at  t>r  the 
major  part  of  spots  passes  over  on  the  side  surfa— 
c*  of  the  cathode  cylinder.  The  cathode  jets  flow 
outside  of  the  gap,  the  discharge  burning  becomes 
unstable,  the  noise  level  increases.  On  the  GEE 
the  spots  after  a  quick  propagation  over  the  ca  - 
tticxie  even  at  the  maximal  current  remain  on  the 
butt  (on  the  gas-filled  coating)  during  the  vhole 
pulse  (tin  5'!>J0a^s);  therefore  the  noise  level 
rci.riins  low(fig.l).  HSP  of  the  cathode  surface  for 
I'-IOOA  enabled  the  estimation  of  the  current  pass  - 


ing  throu^  one  spot  on  the  GFE:  I=(15-20)A.  IL  is  3  solid  -  TiD  (layer  IOato)  . 

essentially  less  than  that  for  the  spot  on  degass-  '  ^f^j^^ed  -  degassed  Ti  and  Cu. 

edTi:  i-/(JA.  ^ 

3.3.  Ihe  character  of  the  erosion  damage,  visible 


through  a  microscope,  is  also  strongly  different.  On 
h,  mm  the  degassed  Ti  even  at  a  small  magnification  there 

- ~2  T  can  be  seen  spot  craters.  On  the  GFE  up  to  the  magni- 

^  ficati  of  xlOO  the  surface  looks  out  only  slightly 

^  rough.  We  have  no  exact  quantitative  data  on  the  ero- 

JO-  sion  in  the  droplet  phase,  however  it  can  be  stated 

w  1  -^-n  ^  discharge  with  GFE  it  is  not  stronger  than 

that  with  a  degassed  Ti.  The  erosion  rate  measurements 
for  Ti  in  a  (3FE  discharge  yJ  v'c  «~3- 10  g/C  against 
«=5- 10'’’^g/C  for  Ti  in  the  discharge  with  degassed 
electrode^.  The  gas  expense  (deuterium  atoms/  Ti 
atoms)  has  somevdiat  changed  from  sample  to  sample.  At 
I>lkA  the  expense  does  not  depend  on  the  current.  At 
relatively  low  cui-rents  KlkA  there  was  noticed  a  an  expense  increase.  At  the  current 
I  >  IkA  a  characteristic  significance  of  deuterium  expense:  (3-r6)  gas  atoms  per  one 
Ti-atom.  (Apparently  these  values  are  underestimated  as  the  Ti  sputtered  by  the  dis  - 
c;l large  covered  the  surfaces  of  the  chamber  inside  and  absorbed  the  deuterium  released 
out  of  the  cathode.)  This  indicates  that  the  gas  is  released  not  only  because  of  brea¬ 
king  the  crystal  lattice  during  the  spot  burning  (remember  that  in  the  layer  x-l  0 
atom  is  per  Ti  atom),  but  possibly  ,the  gas  is  released  out  the  cathode  surface  surro¬ 
unding  the  spot  under  ion  bombardment.  Also  it  may  be  a  result  of  heating  by  the  dis— 
chatrge  .  The  resource  of  GFE  is  not  a  small  one.  Foi'^  Lhc  4h  /^'m  thickness  of  gas— filled 
layer  on  the  electrode  of  20mm  in  diameter  it  -10  C. 

3.4.  In  the  radiation  spectrum  of  the  GFE  discharge  intensive  and  lines  were 


observed.  The  radiation  intensity  is  increasing  approximately  in  proportion  to  the 
current.  The  duration  of  the  pulse  front  of  the  photomultiplier  signal  coincides  with 
that  of  the  discharge  current  front.  The  differences  in  the  signal  appearance  in  the 
center  and  at  the  electrode  edge  is  not  more  than  several  ps.  This  uLi  .  jly  distingui¬ 
shes  the  deuterium  line  oscillograms  from  that  of  both  Ti-atoms  and  ions  for  whicli  is 
imticed  a  significant  delay  of  the  signal  appearance  at  the  electrode  edge  relatively 
to  the  moment  of  the  signal  appearance  in  the  center  (fig. 5).  The  observed  delays  cle¬ 
arly  correlate  with  the  propagation  time  t  of  the  cathode  spots  along  the  cathode  sur¬ 
face  from  the  center  to  the  periphery,  discussed  in  the  previous  section.  The  results 
r.  aived  show  that  unlike  the  Ti  ions  the  motion  of  the  deuterium  atoms  released  by 
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the  discharge  out  of  the  electrode  volume  is  in  a 
significant  degree  randomized. 

In  the  degassed  Ti  discharge  radiation  spectrum 
there  were  noticed  hydrogen  lines,  however  very 
weak.  An  essential  peculiarity  is  the  delay  of  the 
appearance  of  hydrogen  line  luminosity  on  the  dis¬ 
charge  periphery,  vrfiich  is  analogous  to  that  obse¬ 
rved  for  Ti.  Apparently  small  hydrogen  admixtures 
released  during  the  destroying  of  the  crystal  lat¬ 
tice  are  rather  effectively  entrained  by  the  spot 
plasma  jet. 

3.5.  The  results  received  and  the  assumptions 
seeming  reasonable,  that  the  major  part  of  the  gas 
released  from  the  gas  filled  Ti  layer  has  no  high 
directed  velocities,  the  gas  motion  being  in  a  f‘  *1 
significant  degree  chaotic,  permit  to  think  that  ' 

the  use  of  GFE  facilitates  the  compensation  of  the  charge  of  electrons,  emitted  by  the 
cathode.  This  is  as  well  promoted  by  an  obvious  ion  side  losses  decrease  provided  by  a 
rnther  uniform  distribution  of  the  spots  along  the  cathode  butt  and  by  their  tendency 
not  to  abandon  the  gas  filled  coated  butt.  The  result  is  an  essential  increase  of  I 
in  the  GFE  discharge. 

3.6.  Ibe  described  peculiarities  enable  to  hope  for  a  successful  utilization  of  GFE 
in  the  commutating  devices.  The  study  of  the  GFE  discharge  is  of  interest  also  because 
of  the  fact,  that  in  plasma  devices  using  hydrogen  as  a  plasma-  producing  substance 
the  metal  surfaces  are  necessarily  saturated  with  the  hydrogen.  For  instance  —  this 
hns  to  be  taken  into  consideration  during  the  study  of  conditions  and  causes  of  unipo¬ 
lar  arc  formation  on  the  first  wall  of  thermonuclear  fusion  devices. 
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1.  INTRODUCTION 

The  paper  presents  the  numerical  implementation  of  the  state-variable  model  of  the  high  current  arc  interruption.  The 
differential  equations  governing  the  sheath  development  in  vacuum  plasma  after  the  main  frequency  current  zero  (CZ)  are 
coupled  with  the  electrical  circuit  equations  representing  the  power  system  and  solved  simultaneously  using  Advanced 
Continuous  Simulation  Language  software  (ACSL).  The  mathematical  formulation  of  the  arc  interruption  is  in  the  form  of 
a  black-box,  i.e.  the  two  "external"  variables  are  voltage,  u(t)  and  current,  i(t).  Other  black-box  variables  are  "internal",  i.e. 
they  are  only  needed  to  specify  the  physical  conditions  of  the  arc  plasma.  These  internal  variables  are:  plasma  density,  Nj„, 
its  space  distribution  between  contacts  at  CZ  and  its  time  decay  due  to  diffusion,  ion  velocity,  Vj,  time  delay  between  the 
beginning  of  the  TRV  and  CZ,  t^,,  and  the  equivalent  arc  diameter  at  current  zero,  D. 

2.  BLACK-BOX  MODEL  OF  THE  INTERRUPTION  PROCESS  IN  VACUUM 
2.1  MODEL  DESCRIPTION 


The  main  difficulty  to  develop  a  two-terminal  black-box  model  of  a  vacuum  circuit  breaker  is  that  the  inherent  plasma 
parameters  of  the  arc  at  current  zero  are  space  and  time  dependent,  i.e.  there  is  no  simple  function  to  describe  them;  rather 
a  distribution  of  parameters  should  be  used. 


An  extensive  treatment  of  vacuum  arc  and  the  interruption  processes  at  current  zero  can  be  found  in  Glinkowski'.  A 
complex,  finite-difference  (FD)  software  was  developed  that  had  taken  into  account  the  space  distributions  of  plasma 
parameters  such  as  ion  velocity,  ion/electron  density,  electric  field,  and  electric  potentiaf .  However,  this  program  is  not 
practical  to  use  as  a  simple  and  portable  design  tool  that  could  be  easily  combined  with  other  softwares.  Therefore,  a 
simplified  model  of  vacuum  arc  in  the  post  arc  current  region  was  developed.  The  model  is  a  combination  of  the  "ion 
matrix"^  and  Child-Langmuir  space-charge-limited  models^  for  low  density  plasmas  subjected  to  electric  fields  resulting  from 
the  application  of  transient  recovery  voltages  (TRV). 


Mathematical  modeling  equations  of  the  transition  model  are  as  follows 
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ion  density  at  the  sheath  edge,  »  10'*  -  10”  [m  *]  for  diffuse  arcs,  dynamically  changing, 
average  charge  multiplicity  number  (»  const.), 

K  1.3  1.5  for  copper  based  materials  and  diffuse  arcs, 

ion  velocity  at  the  sheath  edge  (»  const.), 

»  10''  -  2:10''  [m/s]  for  copper  based  materials  and  diffuse  arcs,  see'  for  other  materials, 

equivalent  diameter  of  the  discharge  in  the  vicinity  of  the  current  zero,  for  short  gaps  and  high  dl/dt’s 

(lOOA/ps)  a  value  of  1  mm  is  representative  (Lindmayer,  Wilkening^). 
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7t  =  3.14159,  8,  -  8,854  •  lO-'"^  [F/m],  e  =  1.6  •  [C]. 


£  is  a  sheath  length.  This  is  a  thickness  of  the  ion  space  charge  developed  in  front  of  the  ex-anode  (new  cathode  after 
a  current  zero)  and  it  is  a  result  of  the  voltage  (TRY)  applied  to  the  electrodes  after  current  zero.  u(t)  is  the  transient 
recovery  voltage  applied  across  the  contacts  by  the  external  circuit.  In  the  black-box  representation  it  is  one  of  the  two 
output  variables.  is  almost  constant  if  the  sheath  velocity  does  not  reach  an  extreme  value.  Typical  values  of  for 
copper  type  materials  are  of  the  order  of  20  V  to  35  V.  i(t)  is  a  post  arc  current  and  it  is  the  other  of  the  two  output 
variables  of  the  black-box.  This  current  includes  two  components.  A  displacement  current,  proportional  to  the  sheath 
velocity  (d£/dt)  is  due  to  the  changing  voltage  across  the  contacts,  u(t).  The  second  component  is  a  conduction  current, 

KO  ^displacement  ^  ^conduction  (4) 

Mj  is  an  ion  mass,  (for  Cu  Mj  =  1.06  10'^^  kg  (atomic  weight  =  63.57)). 

In  summary,  the  transition  model  consists  of  three  equations  (1-3)  and  four  unknowns,  f,  u(t),  i(t),  Therefore,  it  can 
be  viewed  as  "black-box”,  i.e.  by  adding  one  more  equation,  for  instance  an  equation  describing  an  external  electrical  circuit, 
the  system  of  four  equations  will  be  solvable.  Two  out  of  the  four  unknowns  are  output  variables  u(t)  and  i(t).  The  remaining 
two,  f  and  U^,  are  needed  only  for  internal  calculations  within  the  model.  The  block  representation  of  the  model  is  shown 
in  Fig.  1. 

i(t) 


u(t) 


BLACK 

BOX 

Eqs.1-3 


Figure  1.  Black-box  model  of  the  vacuum  interrupter 
2,2  Application  of  black-box  model 

The  vacuum  model  as  described  by  (1-3)  represents  the  state  of  the  post  arc  plasma  after  the  application  of  the  power 
frequency  current.  It  is  known^'^  that  the  beginning  of  the  recovery  voltage  in  vacuum  arcs  is  delayed  and  does  not  coincide 
with  the  current  zero  by  several  nanoseconds.  Times  of  up  to  40-60  ns  are  reported  in^  for  copper  electrodes  and  high  di/dt’s. 
This  delay  is  caused  by  a  flux  of  positively  charged  ions  moving  from  the  ex-cathode  to  the  ex-anode,  i.e.  against  the  arc 
voltage  and  the  main  flux  of  electrons.  Therefore  the  simulation  process  using  a  black-box  model  starts  t^  [ns]  after  current 
zero  (CZ).  The  situation  is  depicted  in  Fig.  2. 


Figure  2.  Delay  TRY  after  CZ  in  vacuum  switch. 


2.3  Model  limitations 


The  ion  velocity,  Vj,  is  a  constant  value  in  this  model.  The  work  described  in^  "^  and  many  others,  indicates  that  the  velocity 
is  a  parameter  that  varies  in  time  and  in  space.  The  velocity  has  its  own  distribution,  therefore,  to  assume  a  fixed  constant 
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value  could  lead  to  errors. 


The  ion  density  is  also  a  complex  function  of  time  and  space.  The  change  in  the  ion  density  results  from  at  least  two 
phenomena.  First,  the  diffusion  of  plasma  due  to  the  pressure  gradient  causes  ions  and  electrons  to  escape  from  the 
interelectrode  volume  and  tends  to  equalize  the  density  in  the  gap.  Second,  since  the  density  in  the  equations  (1-3)  is  taken 
at  the  edge  of  the  ion  sheath,  the  location  of  the  sheath  will  have  an  effect  on  the  density  if  it  is  different  at  the  ex-cathode 
and  the  ex-anode.  In  an  attempt  to  include  the  two  described  processes  an  analytical  expression  for  Nj  has  been  created, 


Nj=Ni„  •  exp(-^)  •  (Amp--^  +  l.oJ 
t  t  t 

initial  density  decay  in  time  due  change  in  space  due 

at  the  ex-anode  to  diffusion  residual  to  the  location 

t  <  to  ionization,  etc.  of  the  sheath 

The  initial  density,  is  determined  from  the  initial  post  arc  current  4  =  i(to)  (Fig.  2). 

4*1 

Nj  = - ^ - 

V.  -71  -D^  *Z  -e 

and  derived  from  the  fact  that  at  t^  the  total  post  arc  current  consists  only  of  the  conduction  component 
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ion  flux 


t 


ion  current  equivalent 

density  cross-section  of  the  discharge  at  t„ 


(5) 


(6) 


(7) 


The  time  constant,  x,  of  the  diffusion  can  be  adjusted  to  match  the  experimental  results.  In  most  simulations  x  was  chosen 
between  0.5  ps  to  10  ps.  It  is  expected  that  this  parameter  will  be  a  function  of  the  gap  length  (’’gap")  and  the  diffuse  or 
constricted  mode  of  the  arc.  Some  influence  of  the  di/dt  at  CZ  is  also  possible.  The  Amp  factor  controls  how  different  the 


density  at  the  ex-cathode  is  compared  to  the  density  at  the  ex-  anode.  At  the  ex-anode  2  =  0  and 

(Amp 


whereas  at  the  ex-cathode  2  =  gap  and 


gap^ 


2^  \ 

Amp-  ^  +1.0  =1.0 

'  cr  a  ’ 


gap 

+ 1.0)  =  1.0  +  Amp  .  This  accounts  for  a  nonuniform  distribution  of  ions 


across  the  gap.  The  shape  of  the  distribution  was  chosen  as  quadratic  due  to  a  spherical  nature  of  expansion  of  plasma  from 
the  cathode  spot  of  the  ex-cathode.  The  Amp  factor  can  be  adjusted  to  match  the  experimental  results  as  long  as  it  has  some 
physical  justification.  In  most  simulations  Amp  was  chosen  between  0  and  10.  An  example  of  the  density  function  Nj  (t,f) 
is  shown  in  Fig.  3  for  gap  =  10  mm,  =  .8  •  10^^  [m‘^]  Amp  =  5,  x  =  10  ps. 


Another  limitation  of  the  model  is  the  exclusion  of  residual  production  of  plasma  after  CZ.  It  is  highly  possible^ that 
the  ionization  of  neutrals  in  the  metal  vapor  continues  well  after  current  zero.  It  is  primarily  due  to  the  high  electric  field 
that  exists  when  the  TRV  is  applied.  This  residual  ionization  exhibits  itself  in  the  "long  tail"  of  the  post  arc  current  signal 
even  after  the  sheath  traveled  through  the  gap  and  reached  the  opposite  electrode  (ex-cathode).  Quasi  representation  of  the 
residual  ionization  is  possible  using  a  parameter  x  in  eq.  (5).  x  of  10  ps  in  Fig.  3  represents  such  a  situation. 


A  series  limitation  of  the  vacuum  model  is  its  numerical  stability.  The  coupled  equations  (1-3)  are  strongly  nonlinear  in 
nature.  In  many  instances  during  testing  of  the  vacuum  black-box  the  solution  became  unstable  and  several  adjustments  of 
the  parameters  were  required.  These  numerical  instabilities  depend  on  the  values  of  Nj,  Vj  as  well  as  the  frequency  and  the 
magnitude  of  TRV. 


To  better  understand  that  let’s  analyze  the  equations  (1-3).  The  sheath  length,  2  depends  on  the  voltage  across  the  contacts, 
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Density  dislribulion 


Figure  3.  Example  of  Nj  as  a  function  of  time  and  sheath  position. 

u(t)  (eq.  1).  The  higher  the  voltage  the  longer  the  sheath.  The  movement  of  the  sheath  results  in  df/dt  which  in  turn  results 
in  the  displacement  current  which  increases  the  total  current  i(t).  This  increased  total  current  results  in  the  increased  df/dt 
(eq.  3)  which  in  turn  accelerates  the  sheath  even  more  (eq.  1)  and  so  on.  In  addition,  in  later  stages  of  post  arc  simulations 
the  density  Nj  tends  to  decrease  which  increases  the  sheath  length  even  more.  As  a  result  the  sheath  velocity  tends  to  be  low 
at  first  and  then  increases  very  rapidly  later  in  the  process.  For  this  reason,  dynamic  smoothing  subroutines  (filters)^  were 
built  in  the  vacuum  black-box  model  to  control  the  rate  of  change  of  some  parameters. 

2,4  Breakdown/Faiiure  Criteria 


The  black-box  model  has  the  ability  to  predict  the  post  arc  current  in  vacuum  after  power  frequency  CZ  when  the  initial 
parameters  are  specified.  The  model  equations  (1-3)  do  not  contain  any  failure  criteria,  i.e.  they  will  never  indicate  if  the 
interruption  was  successful  or  not.  In^  for  instance  the  authors  point  out  that  there  are  few  different  mechanisms  of  failure 
in  vacuum.  To  accommodate  these  criteria  it  was  proposed  that  the  black-box  model  be  augmented  by 

•  a  field  breakdown  regime  -  When  the  electric  field  at  the  ex-anode  exceeds  a  specified  value,  the  program  will 
indicate  a  breakdown.  The  electric  field  at  the  ex-anode  is  calculated  as 


E=2 


ZeK 


i(/u(t)-U„+U^uJ 


(8) 


a  thermal  breakdown  regime  -  A  thermal  breakdown  can  be  associated  with  the  power  density  delivered  to  the  ex¬ 
anode.  If  the  power  density  exceeds  a  specified  value,  the  interruption  failure  will  be  reported.  The  power 
density  is  calculated  as 


P 


=  N.M.  V. 
11  1 


^  Zeu(t) 

M,  J 


where  Nj  and  Vj  are  the  ion  density  and  velocity  at  the  sheath  edge,  as  before. 


(9) 


a  sheath  reversal  regime  -  When  the  voltage  across  the  contacts  reaches  a  maximum  (peak  of  the  TRV)  and  its  value 
is  not  high  enough  to  move  the  sheath  across  the  full  gap  to  the  ex-cathode  the  sheath  edge  will  try  to  reverse  its 
direction  and  move  back  towards  the  ex-anode.  This  is  physically  impossible.  Therefore,  when  the  program  detects 
the  negative  sheath  velocity  it  will  terminate  and  report  the  interruption  failure. 
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3.  VERIFICATION  OF  THE  MODEL  PARAMETERS  USING  EXPERIMENTAL  DATA 


The  application  for  the  vacuum  arc  model  is  shown  in  Fig.  4.  The  equations  (1-3)  were  coupled  with  the  state-variable 
equations  for  v^  and  i^, 
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di  1 

- =  —  (ecYo  “  Ri„  “  u) 

dt  L  m 


dv.  1 

ir-cr*'""-' 


(10-11) 


Figure  4. 


The  strong  nonlinear  coupling  between  the  equations  and  nonlinear  derivative  terms  like  |. . .  +  cause  potential 

numerical  instability. 

An  explanation  is  also  required  for  the  parameters  D  and  Vj.  Some  experimental  evidence  of  Lindmayer  and  Wilkening^ 
suggests  that  for  high  di/dt  vacuum  arcs  D  is  approximately  equal  to  1  mm.  This  value  was  also  adopted  here.  The  ion 
velocities  were  chosen  as  less  than  2.25  km/s. 


In  order  to  verify  the  vacuum  model  and  its  parameters  the  experimental  results  of  Dullni^°  were  used  and  compared 
against  the  simulations.  The  sample  Dullni  test  is  reproduced  in  Fig.  5.  The  circuit  parameters,  such  as  L,  egys?  Cj,  were 
calculated  from  the  peak  50  Hz  current  (56  kA),  inherent  RRRV  of  2  kV/ps  and  66  kVp  TRY.  The  values  were  found  as  L 
=  1.88  mH,  esYs  ^  ^3  kVp  @  50  Hz,  C,,  =  85  nF.  was  set  to  a  value  of  200  Q.  Figure  6  illustrates  the  same  test  simulated 


Figure  5. 

by  the  software  program.  A  very  good  match  of  the  post-arc  current  was  obtained  by  setting  D  =  1.25  mm,  Vj  =  2.25  km/s, 
gap  =  10  mm,  t  =  10  ps.  Amp  =  5,  1^  =  1.9  A.  However,  this  does  not  mean  that  the  values  are  unique  for  this  particular 
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device.  It  does  not  even  imply  that  the  arc  was  in  the  diffuse  mode  at  the  time  of  interruption.  The  matching  simply 
illustrates  that  the  program  is  capable  of  reproducing  the  experimental  data.  Therefore,  it  was  decided  to  rerun  the  simulation 
with  lower  values  of  that  would  make  the  sheath  travel  faster  across  the  gap  (lower  density  N,).  Indeed,  it  was  again 
possible  to  reproduce  the  experimental  waveforms.  This  simulated  run  is  illustrated  in  Fig.  7  and  is  believed  to  better 
resemble  the  physical  phenomena  in  the  arc  plasma. 

4.  CONCLUSIONS 

It  was  shown  that  a  simple  but  strongly  nonlinear  model  of  the  vacuum  arc  interruption  processes  can  be  assembled  as 
a  two-terminal  black-box  .  The  model  contains  two  external  variables,  u(t),  i(t),  that  are  easy  to  verify,  and  several  internal 


Figure  6.  Simulated  test  from  Fig.  5  with  I„  =  1.9  A  corresponding  to  Ni„  =  3.5  10*^  1/mm*. 


Figure  7.  Simulated  test  from  Fig.  5  with  I„  =  0.1  A  corresponding  to  N|„  =  3.5  10"  1/mm*. 

variables  that  have  to  be  adjusted  based  on  the  knowledge  of  the  physical  phenomena.  The  model  simulations  could  produce 
results  that  match  given  measurements  of  external  variables  for  different  values  of  internal  variables  and  parameters. 
Therefore,  caution  and  close  inspection  of  results  are  required  when  applying  the  model.  By  rerunning  the  simulation  several 
times  the  set  of  parameters  was  found  that  satisfied  the  measurements  of  voltage  and  current  and  internal  processes  inside  the 
arc.  The  attractiveness  of  the  described  simulation  software  stems  from  the  fact  that  a  sensitivity  analysis  of  all  internal 
plasma  parameters  can  be  performed  without  the  need  for  an  extensive  experimental  program.  The  model  could  also  be  used 
as  a  design  tool  for  a  new  vacuum  switches  in  a  wide  range  of  voltage  and  current,  levels 
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ABSTRACT 


Miile  one  is  trying  to  create  the  model  of  high  speed  charged  psirticiples  flows 
from  the  cathode  spot  in  vacuum  arcs,  the  attention  to  be  payed  to^  the 
non-contradictory  choice  of  boundary'  conditions  system^  For  exanple,  in  the 
necessary  amount  of  boundary'  conditions  (BC)  is  set  on  the  semisphere  r  (  cathode  ) 


o 

independently  of  the  piroblen  solution  in  the  electrode  bx^dy.  The 


v'Uiues  C-L 

pararrteters  were  chosen  in  correlation  with  that,  fron  the  experinients,  or  fron  sene 
evaluations.  But  the  local  paraneters  in  the  vicinity  of  the  cathode  in  the  papers 
are  obtainefl  in  the  different  experinents .  Application  of  this  data  often  leads  to 
the  solutions  not  corresponding  to  the  cathode  jet.  From  the  vieupcint  of  in  the 
paper^  the  assunption  that  gas  flow  velocity  on  the  cathode  surface  is  equivalent  to 
the  sound  'velocity  seems  to  be  unjustified.  Really,  with  the  simultaneous  -solution  cf 


the  problem  in  the  cathode  body  and  on  the  surface  ,  the-  equality  of  gas  f 


the  gap  to  the  sound  velocity 


leads  tc  the 


velocity  on  the  right  side 

solution  nonequilibriun  (Fig.  1,2).  The  dynanuc  and  energetic  parameters  shew-  the 

nonequilibrium  behaviour.  Such  nxarle  in  the  deflagration  area  is  well-known,  but  the 

attention  payed  to  (.  fox*  exairple"^  )  impossibility  of  this  nrjde  in  the  exp^erir.ents .  It 

is  'quite  clear,  that  this  ,  unstability  connected  with  the  nonequilibriun  of  the 

specific  energy  growth  to  the  heat  loss  (due  to  fast  mass  erosion,  transmitting  the 

accumulated  heat)  ratio..  It^s  interesting  to  r;iote  that  the  solution  of  the  equations 

system  in  this  model  with  the  BC  v  =v  (current  value  J=1A,  current  density  on  the 
.  •  .2s 

cathode  surface  j=4*10®A/cm^ )  gives  the  nonequi librium  boundary  solution.  The 
reasonable  values:  initially  v  =v  and  then  v  <  v  corresponds  to  the  really  existing 

2  S  2  S 

experimental  results . 


DISCUSSION 


Using  the  results  cf  calculations  one.  can  analyse  possible  EC  , which 
mediimi  state  from  the  right  side  of  the  gap  .  In  the  most  common  case  the 
system  on  the  hydrodynamic  and  electrodynamic  gap  ray  •'be  described  as®. 


define  the 
conditions 
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(1) 


cpu}»  0  vr^ Cu3  +  {P>  -  ( l/85t){E‘}  .  o 

"  i"}  “  ® 

Cf}  "  O  -Ccifu  +  hE)}  -O  yv\s  pu 

Where  p  -  the  environraent  density,  g  -  spatial  charge  ,u  -  velocity  corponent  normal 
to  the  gap  front,?  -  pressure,?  -  electric  field  strertgth  component  normal  to  the  gap 
front  -  potential, -  surface  charge, b  -  agility  factor,  -  specific  heat 

capacities  ratio.  Equations  (1)  are  valid  in  the  coordinate  system,  where  the 
tangential  velocity  ccnponent  is  equal  to  zero,  the  figure  brackets  means  the 
parameters  values  difference  before  and  after  the  gap.  In  the  text  belovv  the  values 
before  and  after  the  gap  would  have  the  indexes  1  and  2,  respectively.  Define  the 
dimensionless  parameters: 


I*  -  ; 


"V  -  •  t  -  =  Hh.  k  =  i  2. 


harge 


Vi  >  “  S5rP^ 

Tfsi  +.J _ Jk_  •  &  =  ^  -  ; 

/Mf  /M"  ’  ^  '  j>k 

The  value  L  is  connected  with  the  surface 

P  +E  ),  and  besides  L<E'/(8-P  )  independently 

Pi  Pi  11  ^ 

and  the  third  expressions  as:„  j.. 

p  = +  (i-L-^VK) 

^,(PV-l)Vx-^{v*-iV=0 

•  2 

excluding  subsequently  from  equations  (3,4)  P  and  M  one  can  obtain 


-1 


(2) 

b\^  the  equation  L  = 
Write  down  the  second 

(3) 


(5) 

(6) 


The  nonnegativity  of  expression  under  the  root  in  the  right  side  of  the  formula  (5) 
restricts  the  parameters  before  the  gap  front  (  from  the  left  side  of  the  gap  ) 
defining  the  existence  of  stationar  flows  with  the  ah^ye  ty^e  gap.  With 

n>0  from  (5)  we  have  , 

L.^  ,  p*=y-(M)p  ^  (7) 

with  n<0  the  values  V  ^  in  equation  (5)  are  negative,  that's  why^  this  case  has  no 

physical  reason.  The  equal  sign  in  (7)  corresponds  to  the  following  conditions: 

This  case  the  flow  velocity  behind _the  gap  front  is  equal  to  the  sound  speel  .(  Juge 
wave  ),  because  Mach  is  M^  =  MlVP'^=  1 

If  L<0  then  the  equations  '(5),  (6)  always  have  two  different  real  solutions.  With  L=0 
(.0-^=0)  the  electric  field  is  persistent  on  the  gap  and  the  expressions  (5),  (6)  can  be 

reduced  to  the  coitmon,  gasodynamic  equations  Gugonio  for  the  iirpact  wave.  Expression 
(6)  gives  the  system  of-  iirpact  adiabates,  depending  on  parameter  L  for 
electrohydrodynamic  gaps  with  the  given  value  of  On  Fig. 3, 4  the  probable  cases  of 

the  impact  adiabate  location  in  the  PV  plane  are  shown.  The  adiabate  is  the  hyperbole 
with  assyrptots  I  and  II  which  can  be  descril.)ed  with  the  equations: 

p-  iLl_L/'L_i)  y.  IzA 
V  +  i  ‘  ^  ’  K*i 
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Fig. 3, 4  correspDnd  to  the  LV1,0<L<1  intervals.  The  points  of  cross  between  the 
hyperbole ’and  the  straight,  V'vhich  is  given  by  the  equation  (3)  of  the  incise 
preservation  law,  and  passing  through  the  point  A(l;l-L)..  Coefficient  (-,‘M^)<0, 
that's  why  one  can  reach  only  the  parts  DC  and  D'C  situated  on  the  sarne  or  different 
parts  of  hyperbole .( 6 ) .  The  exception  is  the  existence  of  the  reachless  pax't  D'CJ  of 
lower  branch  of  hyperbole  in  case  of  L>iL  (Fig.3),  as  a  result  of  condition  vMi>L-l 
with  n>0  (  on,  this  branch  in  the  area  V>0  always  P<0) .  For  gases  the  physical  essence 
is  only  in  the  adiabate  parts  ,  ' situated  in  the  area  V>0,P>0  of  PV  plane'.  It  should 
be  noted,  that  the  parts  DF,  where  P>1,V>1  siinultafteously  (L>0),  (Fig. 3, 4)  and  D'F 
where  V<i,P<l  (0<L/(l-v))  can't  be  reached  with  any  paraiaeter  values.  The  straight 
, corresponding  to  the  divides  the  area  P>0,V>0  into  tuo  parts.  The  first, 

where  (  above  the  straight)  ,and  the  second,  where  (  under  the  straight  ). 
Define  (P  ;V  )  as  the  point  of  cross  between  the  straight  P  =  and  the  straight 
(3)  .  (P  ;\C)  is  the  cross  coordinates  between  the  straight  P=P  and  the  upper  br-anch 
of  hyperbole  (6).  is  always  right,  when  inequalituy  (7)  is  fulfilled. 


In  the  case  of  L'-O  check  up  the  adiabate' (6)  part  DC  located  iii  the 
area.  Fig. 3, 4  show  that  the  slope  angle  a.  of  the  sercant  from  A  point  to  the  any  point 
of  adialijate  on  the  DC  part  related  to  the  absciss  axe  can't  be  less  than  the  Oo  angle 
of  tangent  AB.  As  tan(.o)  is  equal  to  the  /'Mi  coefficient,  the  nass  flovv’  through  the 
gap  surface  m=M^(v  P/,q)" ”  "  ..can' t  be  less  than  some  limit.  The  same  situation  appears  in 
gasodynamics .  In  the  contact  point  B,  Mach  behind  the  iirpact  wave  is  ,  and  the 
secant  location  corresponds'  Mach  before  the  gap  front  (  left  )  Mt=P/V>l  ,  because  in 
the  point  B:  P'1,V>1.  From  this  fact  and  considering  that  for-  the  rest  points  of  CD 
part.odcv  one  can  obtain  that  '■'^'>1  in  adiabate  points  on  the  CD  part.  In  the  B  point 
the  inequality  is  fulfilled  d>t'dP'"0,  where  the  derivation  is  made  with  fixed  With 
M>M'  ,  where  M^'^v ~'^arctg(Oo'*  the  point  corresponds  to  the  concentrating  shifts 

like  MiT,N4'l  ,  the  (ti;^)  paint  -  to  the  shifts  like  M^'>1,  H^'l. 


Fig. 4  shows  that  with  0<L<1  one  can  find  reachless  part  of  adiabate  D'C,  the 
fragment  of  which  D'G  (  including  the  B'  contact  paint  )  located  in  P>0,V>0  area. 
This  fragment  corresponds  to  the  disconcentrating  •  shifts,  as  if  here  V>1,P<1. 
Similar  to  the  above,  ^^1,M^1  is  in  the  B'  point,  in  the  D’B*  points:  On  the 

B'G  part:  M<1,M^>1.  The  mass 'flow  through  the  gaps  of  this  kind  is  limited  as  in  the 
previous  case  .  With  point  gives  the  disconcentrat ion  shift ,  where  M,^  <1 

and  Ma<l;  point  (\1;^)  -  the  shift,  vvhere  M;'1,M^1  as  it  is  in  the  calculations  ,on 
Fig.  1,2.  In  the  case  of  L>0  the  normal  conponent  sliift  of  the  irpulse  flow  Au^O  .  The 
Gugonio  adiabate  is  situated  under  the  adiabate  (d),  and  the  material  corrpression  in 
the  electrodynamic  concentrating  shifts  of  M<'1,M^1  kind  with  the  same  Mach  M^  is 
smaller  than  tbiat  in  gasodynarac.  The  calculations  also  approve  this  fact. 
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CONCLUSIOS! 


Based  on  the  previous  analysis  one*  can  confirm,  that  the  value  of  enitttsd  inass 
(on  the  right  side  of  hydrod^iiamic  and  electrodynaiaic  gap,  the  last  includes  the 
nonequi librium  )  is  restricted  up  and  below.  That  restriction  depends  sharply  on  the 
BC  system  choice.  As  a  result  the  right  choice  of  BC  system  is  impossible  without  the 
simultaneous  solution  in  the. cathode  body,  on  its  surface  and  in  plasma  jet  in  the 
vicinity  of  the  cathode. 
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ABSTRACT 

Heat  transfer  to  a  thermally  isolated  graphite  anode  in  a  long  duration  vacuum  arc  was  investigated.  Anode  bulk 
temperatures  were  measured  as  a  function  of  time  using  two  high  temperature  thermocouples.  The  anode  surface  temperature 
was  optically  determined.  Surface  temperatures  of  2300  K  were  obtained  in  a  340  A  arc.  A  one  dimensional  non-linear  heat 
flow  model  for  the  anode  was  developed.  A  solution  was  obtained  using  a  dynamic  numerical  method  and  the  effective 
anode  potential  was  determined  to  be  approximately  6  V. 

L  INTRODUCTION 

The  hot  anode  vacuum  arc  (HAVA)  is  a  long  duration  electrical  discharge  between  electrodes  in  vacuum  ambient,  in 
which  the  anode  is  thermally  isolated.  Vapor  evaporated  from  the  hot  anode  may  play  a  significant  role  in  the  discharge 
process.  In  some  cases,  the  anodic  plasma  plume  can  prevent  the  cathodic  plasma  jets  from  reaching  the  anode  (1),  and  there 
are  some  reports  that  the  cathode  spots  may  even  disappear  (2).  The  HAVA  is  of  interest  both  fundamentally  and  practically, 
because  it  serves  as  a  physical  model  of  the  more  complex  transient  anode  spot  vacuum  arc  mode  which  causes  rapid 
electrode  destruction  and  limits  the  interruption  ability  of  vacuum  arcs,  and  because  of  its  applications  in  depositing  metal 
vapor  coatings  (3)  and  in  synthesizing  macroscopic  diamond  crystals  (4).  While  it  is  obvious  that  the  anode  surface 
temperature  plays  a  decisive  role  in  determining  the  characteristics  of  the  discharge,  through  its  control  of  the  anodic 
evaporation  rate,  only  little  quantitative  information  is  available  in  the  few  published  works  on  the  HAVA  discharge.  The 
objectives  of  this  work  are  to  measure  the  anode  temperature  as  a  function  of  time,  to  establish  a  model  for  the  heat  transfer 
in  the  anode,  and  to  formulate  a  theoretical  model  for  the  energy  flow  into  the  anode. 

2.  EXPERIMENTAL  SETUP  AND  PROCEDURE 
2.1.  Vacuum  Chamber  and  Electrode  Assembly 

The  arc  was  run  in  a  cylindrical  stainless  steel  chamber  500  mm  long  and  160  mm  in  diameter,  inside  which  the  two 
electrodes  are  mounted.  The  chamber  is  pumped  down  to  a  pressure  of  10“^  torr,  by  an  oil  diffusion  pump  and  a 
conventional  mechanical  pump,  before  arc  initiation.  The  arc  was  run  at  currents  of  175  and  340  A,  sustained  by  a  100  kw  dc 
power  supply,  for  periods  up  to  200  s.  Arc  voltage  and  current  were  measured  using  a  resistive  voltage  divider  and  shunt. 
Their  signals  were  presented  and  stored  using  a  personal  computer,  equipped  with  a  data  acquisition  card.  Several  runs  were 
conducted  for  each  experiment  in  order  to  check  the  reproducibility  of  results,  and  observe  its  statistical  scatter.  The  cathode- 
anode  assembly  is  shown  schematically  in  fig.l.  The  cathode  is  attched  to  a  water  cooled,  30  mm  diameter,  copper  cylinder. 

The  cathode  had  a  disc  shaped  protrusion  of  10  mm  diameter  and 
5  mm  height,  to  enable  the  operation  of  the  mechanical  trigger.  It 
also  ensured  that  the  discharge  was  initiated  near  the  axis  of  the 
electrodes. 

The  anode  assembly  is  shown  in  fig.  2.  The  anode  (1)  is  a 
graphite  cylinder  (DFP-1  POCO  Graphite  Inc.)  of  32  mm  diameter 
and  30  mm  height.  The  anode  surface  (4)  facing  the  cathode  is 
beveled  by  less  than  5  deg  to  allow  spectroscopic  observation  of 
its  surface.  Two  Mo  radiation  shields  (5)  surround  the  anode  to 
reduce  radiatiave  heat  losses.  As  we  shall  show  below  the 
radiation  flux  through  the  outer  shield  is  negligible.  A  tungsten 
stem  (6)  closes  the  electrical  circuit.  The  anode  bulk  temperature  is 
measured  with  two  high  temperature  themocouples  (2  and  3).  The 
thermocouple  wires  were  made  of  W-5%Re  and  W-26%Re  alloys 
and  are  welded  at  their  tips.  The  thermocouples  are  placed  5  mm 
and  25  mm  below  the  anode  surface,  as  shown  in  fig.  2.  The 
thermocouple  wires,  insulated  from  the  arc  by  ceramic  tubes, 
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Fig.  1.  Cathode  -  Anode  Assembly 
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extend  outside  the  vacuum  chamber  and  were 
connected  to  copper  leads.  These  leads  and  the  "cold" 
junction  are  at  uniform  room  temperature  and  do  not 
contribute  to  the  generated  EMF  (5).  The  response  time 
of  the  thermocouple  was  determined  to  be  less  than 
0.1  s.  The  thermocouple  that  is  located  close  to  the 
upper  anode  surface  is  connected  to  an  isolated 
transmitter  (TCT-4  CONLAB,  Israel)  which  is  a  4  wire 
system  that  converts  the  thermocouple  voltage  into  a 
standardized  load-independent  linear  signal,  with  a 
CMRR  (common  mode  rejection  ratio)  of  132  db  and  a 
time  response  of  320  ms  (0-98%).  The  transmitter  has 
electronic  cold  junction  compensation.  The  linearity, 
calibration  and  transmitter  gain  have  been  also 
determined  by  recording  the  input  and  output  signals 
while  the  thermocouple  sensor  tip  was  placed  inside 
pure  Sn  at  its  melting  point,  and  in  boiling  water.  The  gain  of  the  tranmitter  was  G=135±2%. 

The  transmitter  amplified  signal  was  sampled  by  the  data  aquisition  card  at  a  rate  of  1-2  Hz,  and  presented  and  stored 
by  the  PC  mentioned  above.  No  higher  rate  is  required  in  this  experiment.  The  oveall  experimental  temperature  accuracy  was 
better  than  3%. 

The  second  thermocouple  was  connected  directly  to  a  DVM  (digital  multi- voltmeter).  The  DVM  reading  was  corrected 
to  match  cold  junction  room  temperature.  In  some  experiments  both  thermocouples  were  located  5  mm  below  the  anode 
surface  diametrically  opposed  positions.  Differences  in  their  readings  could  arise  from  nonuniformity  over  the  anode  surface 
of  the  incoming  flux.  The  difference  between  the  two  signals  was  less  than  5%  at  lower  temperatures,  i.e.  for  the  first  few 
seconds  after  arc  initiation,  and  less  than  1%  for  higher  temperatures.  The  factor  limiting  temperature  measurement  accuracy 
was  its  fluctuation. 

2.2.  Anode  surface  temperature 

The  anode  surface  temperature  was  determined  by  measuring  the  specific  intensity,  using  a  monochromator  in  the  near 
IR.  The  radiometric  method  applied  allowed  us  to  obtain  both  temporal,  and  spatial  distribution  of  the  anode  surface 
temperature,  T^,  across  a  chord  along  the  anode  surface.  The  optical  detection  system  (see  fig.  3)  was  calibrated  to  measure 
the  absolute  specific  intensity  using  a  calibrated  tungsten 
ribbon  lamp.  The  5^  bevel  in  the  anode  surface  allowed 
the  imaging  of  a  selected  region  on  the  anode  surface 
onto  the  entrance  slit  of  the  monochromator.  The  band 
pass  of  the  monochromator  in  this  case  was  0.8  A,  while 
the  monochromator  resolution  was  0.3  A. 

A  CCD  (charge  coupled  device)  black  and  white  TV 
camera  (HCS  model  MX-5)  was  placed  at  the  exit  focal 
plane  of  the  spectrograph,  and  recorded  the  radiation 
intensity  across  the  anode  surface.  The  radiation  intensity 
from  the  anode  surface  was  determined  at  preselected 
wavelengths  where  no  spectral  lines  are  radiated  by  the 
arc  plasma,  and  where  continuum  radiation  from  the  arc 
is  negligible.  The  camera  video  signal  output  was 
recorded  by  commercial  VCR  (Sony  SLV-X55ME).  The 
images  were  converted  to  a  digital  signal  and  analyzed 
with  a  PC  using  a  commercial  frame  grabber  digitizer, 

DT2851.  The  intensity  scale  of  the  digitized  images  is 
given  by  256  gray  levels.  With  a  fixed  camera  gain 
(20db),  the  pixel  values  are  directly  proportional  to  the 
radiation  intensity,  within  the  CCD's  dynamic  range.  The 
dynamic  range  of  the  system  was  determined  by  use  of  a 
set  of  gray  filters,  whose  density  changed  in  steps  of 
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O.ID.  The  time  resolution  of  the  intensity  measurement  was  40  ms,  while  the  spatial  resolution  was  0.15  mm  along  the 
immaged  chord  and  3.7  mm  across  it.  The  lower  limit  for  detection  was  1400  K. 

The  anode  surface  temperature  was  determined  by  assuming  that  the  graphite  radiation  intensity  closely  approximates 
that  of  black  body,  but  with  (known)  spectral  emissivity  .  In  the  final  analysis  T^  is  expressed  as  a  function  of  the  pixel 
value  of  the  recorded  signal.  Designating  by  Pyx  ^^d  PyQ  the  pixel  values  corresponding  to  the  tungsten  lamp  signal  and 
the  graphite  signal,  respectively,  at  7500  A,  we  obtain  an  expression  for  T^.  The  value  of  graphite 

manufacturer. 

■3.  RESULTS 


3.1.  Temperature  measurements 

The  time  dependence  of  T^,  anode  surface  temperature,  T^,  the  temperature  measured  by  the  upper  thermocouple,  and 
Ti,  the  temperature  measured  by  the  lower  thermocouple  are  presented  in  figs.  4-5.  Model  calculated  temperatures  (see  sec. 
4)  are  shown  as  well.  The  data  of  fig.  4  corresponds  to  arc  current  of  175  A,  while  the  data  of  fig.  5  were  obtained  with  a  340 
A  arc.  In  both  figures  the  upper  curve  gives  the  surface  temperature  measured  radiometrically.  The  middle  curve  corresponds 
to  Ty,  while  the  lower  curve  gives  Tj. 


Fig.4.  Experimental  and  Calculated  Temperatures.  175  A 
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The  model  alculated  temperatures  are  shown  in  the  same  order.  In  both  cases  the  measured  temperatures  reach  a  steady 
state.  In  both  figures  the  cooling  process  of  the  anode  after  the  interruption  of  the  arc  is  also  shown.  The  temperature 
measurements  were  highly  reproducible.  When  the  two  thermocouples  were  located  at  the  upper  position  (not  shown),  both 
thermocouples  readings  increased  with  time  at  the  same  rate,  reaching  aprroximately  the  same  steady  state  temperature  at 
approximately  the  same  time. 

4.  THEORY  OF  THE  HEAT  FLOW  IN  THE  ANODE 

In  this  section  we  develop  a  heat  flow  model  for  the  anode  of  the  HAVA,  using  the  basic  heat  conductivity  equation. 
The  model  results  will  be  compared  with  the  experimental  results. 

4.1.  Thermal  model  and  main  assumptions 

A  solid  cylindrical  anode  with  diameter  d  and  length  L,  and  surrounded  by  two  radiation  shields,  as  described  above,  is 
assumed.  Anode  radiation  losses  are  mainly  from  the  upper  and  lower  surfaces  of  the  anode.  The  radiation  shields  reduce 
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markedly  the  radiative  losses  from  the  side  surface  of  the  anode.  However,  we  have  included  in  the  model  losses  from  the 
side  surface  by  radiation  through  the  gaps  between  the  upper  surface  of  the  anode  and  the  upper  end  of  the  inner  shield,  as 
well  as  through  the  shields.  In  some  of  the  calcuations  conduction  losses  through  the  tungsten  stem  are  also  considered. 


Fig.5  -  Experimental  and  Calculated  temperatures.  340  A 
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The  upper  surface  of  the  anode  is  subjected  to  an  incoming  heat  flux  from  the  arc,  and  specifically  from  the  incidence 
of  cathode  plasma  jets.  Since  there  may  be  several  cathode  spots  moving  randomly  over  the  cathode  surface,  each  producing 
a  plasma  jet,  a  nonuniform  and  fluctuating  heat  flux  at  the  anode  surface  may  result.  However,  because  of  the  relatively  short 
period  of  the  fluctuations  we  assume  in  the  model  that  qj  (the  incoming  flux)  is  uniformly  distributed  over  the  anode  surface, 
i.e.  the  model  incoming  heat  flux  qj  is  the  effective  average  of  the  incoming  flux,  and  it  may  vary  slowly  due  to  the  change  in 
the  average  arc  voltage  and  other  arc  conditions.  The  anode  is  also  heated  by  the  arc  current  flowing  through  it  and  loses  heat 
by  atomic  evaporation.  Conduction  losses  through  the  tungsten  stem  will  be  neglected  in  the  model. 

4.2  Two  dimensional  steady-state  model 

The  steady-state  temperature  distribution  assuming  cylindrical  symmetry  was  calculated  as  a  function  of  q,  using  the 
shareware  finite  element  computer  program  ELCUT.  It  was  found  that  the  radial  temperature  gradients  were  much  smaller 
than  the  axial  gradients,  which  justifies  the  use  of  a  1 -dimensional  model  to  be  presented  below. 

4.2.  One-dimensional  transient  model  -  mathematical  formulation 

As  a  consequence  of  the  above  2-dimensional  analysis  we  assume  that  the  temperature  T  within  the  anode  varies  only 
with  time  and  distance  x  from  the  upper  surface.  During  the  course  of  the  arc,  the  temperature  of  the  anode  rises  from  room 
temperature  to  rather  high  values.  In  as  much  as  the  thermo-physical  constants  of  the  anode  material  vary  with  temperature, 
and  heat  losses  are  likewise  dependent  on  temperature,  the  heat  flow  in  the  anode  is  governed  by  the  following  non-linear 
heat  conduction  equation  and  the  appropriate  boundary  and  initial  conditins: 
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T{x,  t)  =  To 

where  p,  c,  X,  and  8  are  anode  material  density,  heat  capacity,  thermal  conductivity,  electrical  resistivity  and  total 
emmisivity,  respectively,  and  where  qj,  qj.Q  and  qj.^  are  the  temperature  depended  incoming  heat  flux,  that  flux  radiated  by 
the  upper  surface,  and  the  flux  radiated  by  the  lower  surface,  respectively.  The  evaporated  heat  flux  q^y  will  be  neglected.  In 
this  formulation  conduction  through  the  stem  is  neglected,  but  radiation  from  the  side  surfaces  is  taken  into  account  in  the 
last  term  in  Eq.  (1).  The  parameter  P  is  a  correctin  factor  which  takes  into  account  the  fraction  of  the  radiation  flux  which 
escapes  from  the  sides  of  the  anode  via  the  gap  between  the  anode  and  the  radiation  shield,  as  well  as  radiation  through  the 


Fig.  6  -  Tempera tu re s  Inp ut-flux  dependence.  340  A 
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shields,  and  J  is  the  current  density  in  the  anode.  In  general,  ep  can  be  defined  as:  eP  -  sF+Sgff(l-F).  In  our  case  : 

F-a  exp(-bx),  where  a  =  0.5,  b  ==  0.8  cm“l,  8  =0.84  and  e^ff^O.Ob  .  In  the  above  equation  the  flux  radiated  by  the  distant 
surrounding  walls  and  absorbed  by  the  anode  has  been  neglected. 

5.  ANALYSIS 

In  this  section  the  thermal  model  will  be  applied  to  analyze  the  experimental  measurement  of  temperature  in  the  anode. 
First,  we  shall  study  the  steady  state  temperatures  to  derive  the  energy  flux  reaching  the  anode  from  the  cathode.  Second,  we 
shall  study  the  dependence  of  the  measured  temperature  on  time. 

5.1.  Steady  State  Analysis 

In  steady  state  the  left  side  of  equation  (1)  is  equal  to  zero.  The  differential  equation  obtained  in  this  way  was  solved 
numerically  for  different  values  of  qj,  the  incoming  energy  flux.  It  should  be  recalled  that  all  parameters  in  that  equation 
depend  on  T,  making  the  problem  non-linear.  The  dependence  of  the  thermo-physical  parameters  on  T  was  provided  by  the 
manufacturer  for  the  whole  temperature  region,  and  to  simplify  the  solution  were  very  closely  approximated  by  polynomial 
functions  of  T. 

Fig.  6  presents  graphically  the  dependence  of  the  surface  temperature  T^,  as  well  as  the  temperatures  at  the 
thermocouple  locations,  Ty  and  Tj,  on  the  input  flux.  The  three  horizontal  lines  represent  the  steady  state  temperature 
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measured  when  arc  current  was  340  A.  The  intersection  of  the  horizontal  lines  with  the  appropriate  temperature  curves 
determines  the  energy  flux  to  the  anode,  qj.  The  obtained  values  of  qj  show  a  very  small  scatter  (1%).  The  total  energy  input 
is  2000  W,  and  cn=249  W/cm^.  The  total  energy  flux  to  the  anode  for  arcs  running  at  175  A  was  determined  to  be  1050  W, 
or  qi=131  W/cm^.  The  corresponding  effective  anode  potential  (V^gff=qi/I)  is  calculated  to  be  approximately  6  V  for  both 
cases.  The  calculated  total  energy  flow  to  the  anode  is  found  to  be  in  both  cases  to  be  approximately  27%  of  the  arc  power  H, 
where  H=IV,  and  where  V  is  the  arc  voltage.  The  derived  values  of  qj  is  used  to  calculate  the  transient  time  dependence  of 
T^,  Ty  and  Tj . 

5.2.  Time  dependent  analysis 

In  figs.  3-4  we  present  the  temperature  time  dependence  evaluated  using  a  numerical  solution,  at  the  same  three 
locations  where  anode  temperature  were  measured  in  the  experiments  (Tg,  T^  and  Tj).  These  figures  may  be  compared  with 
the  experimental  measurements.  It  can  be  seen  that  the  numerical  and  experimental  results  agree  with  each  other,  both  during 
the  transient  phase  and  during  steady  state. 

6.  DISCUSSION 

The  effective  anode  potential  determined  here  of  6  V  is  surprisingly  low.  Measurements  in  a  cathode  spot  arc  with  a 
cold  anode  (5),  as  well  as  models  for  the  mutli-cathode-spot  (MCS)  arc  (6),  gave  the  effective  anode  potential  as 
approximately  13  V  minimum.  The  model  for  the  MCS  arc  indicates  that  the  anodic  heat  flux  has  two  components,  from 
depositing  electrons  and  depositing  neutral  atoms,  and  it  is  assumed  that  every  particle  arriving  at  the  anode  deposits  all  of  its 
energy  therein  (i.e.  the  coefficient  of  accomodation  is  unity).  In  the  present  experiment,  however,  the  hot  anode  behaves 
quite  differently  than  the  cold  anode  in  that  it  does  not  collect  a  coating.  Clearly  a  new  model  of  the  interelectrode  plasma, 
and  in  particular  of  the  plasma-anode  interface,  which  takes  into  account  re-evaporation  of  any  deposited  cathode  material, 
interaction  of  the  re-evaporated  cathode  material ,  and/or  reflection  of  incident  ions  from  the  hot  surface,  is  required  in  order 
to  understand  the  low  effective  anode  potential  determined  here. 

7.  CONCLUSIONS 

The  isolated  graphite  anode  reaches  a  steady-state  temperature  distribution  in  about  1 10  s  for  a  175  A  arc,  and  in  80  s 
for  a  340  A  arc.  In  steady-state,  the  energy  flux  input  is  balanced  mainly  by  radiation  from  the  front  surface  of  the  anode,  but 
radiation  from  the  side  surfaces  through  the  space  between  the  anode  and  the  shields,  as  well  as  from  the  bottom  of  the 
anode,  is  not  negligable.  The  effective  anode  heating  potential  is  approximatley  6  V.  A  model  for  the  interlectrode  plasma 
and  the  plasma-anode  interface  is  needed  to  explain  this  result. 


REFERENCES 

1.  R.L.  Boxman  and  S.  Goldsmith,  ’’Momentum  interchange  between  cathode-Spot  plasma  jets  and  background  gases  and 
vapor  and  its  implication  on  vacuum  arc  anode  spot  development”,  lEEE.Trans.Plasma.Sci.  18,  231-6,  1990. 

2.  A.M.  Dorodnov  et  al.,  ’’New  anode  vapor  vacuum  arc  with  a  permanent  hollow  cathode",  Sov.  Tech.  Phys.  Lett.  5, 
p.  418-9,  1979. 

3.  H.  Ehrich  et  al,  "The  anodic  vacuum  arc.II.  Experimental  study  of  arc  plasma",  J.  Vac.  Sci.  Tech.  A6,  p.  2499-503,  1988. 

4.  S.  Goldsmith,  H.  Rosenthal,  P.  Avivi  and  R.L,  Boxman,  "Diamond  growth  in  Hot  Anode  Vacuum  Arcs",  4th  European 
conference  on  diamond,  diamond-like  and  related  materials,  Portugal,  1993. 

5.  M.P.  Reece,  "The  vacuum  switch.  Part  1:  Properties  of  the  vacuum  arc",  Proc.  lEE.  110,793-802,  1963. 

6.  R.L.Boxman  and  S.  Goldsmith,  "Model  of  the  anode  region  in  a  uniform  multicathode-spot  vacuum  arc", 
J.  Appl.Phys.54,592-602, 1983 . 


SPIE  Vol.  2259  /  169 


On  the  Ion  Potential  Distribution  of 
High  Current  Arcs  in  Vacuum 


C.  Rusteberg*,  M.Lindmayer*,  B.  Jiittner^,  H.  Pursch*^ 

*  Institut  fiir  Elektrische  Energieanlagen,  TU  Braunschweig, 
Pockelsstrasse  4,  D-38  106  Braunschweig,  Germany 
**  Max-Planck-Institut  fiir  Plasmaphysik 
Hausvogteiplatz  5-7,  D-10  117  Berlin,  Germany 


With  the  experiments  presented  in  this  paper  applications  of  a  retarding  field  analyser 
(RFA)  for  the  measurement  of  ion  potenials  Ui  in  a  vacuum  arc  plasma  are  discussed.  The 
ion  potential  is  defined  by  the  formula  Ui=Eil{Z-e)  (Ei  -  ion  energy,  Z  -  ion  charge  number 
and  e  -  electron  charge). 

The  examined  plasma  was  produced  by  a  sinusoidal  half-wave  vacuum  arc  current.  The 
experiments  were  concentrated  on  evaluating  the  plasma  parameters  at  the  last  three 
milliseconds  before  current  zero. 

In  a  current  range  from  300  A^ms  to  10  kArms  the  ion  potential  distributions  and  their  peak 
values  were  evaluated.  With  the  increase  of  the  arc  current  a  decrease  of  the  ion  potential 
was  found.  By  additional  investigations  of  the  angular  distribution  of  the  ion  energies,  a 
transition  from  a  collision  dominated  interelectrode  plasma  to  a  freely  expanding  plasma 
was  observed,  depending  on  the  arc  current. 


1.  INTRODUCTION 


For  currents  below  a  few  kA  the  vacuum  arc  is  in  a  state  of  a  diffuse  arc  mode  with  single  cathode  spots 
[1].  These  spots  are  the  source  of  metal  vapor  and  electrons.  Within  the  ionization  zone  in  front  of  the 
cathode  the  metal  vapor  is  ionized  by  the  accelerated  electrons.  Due  to  the  acceleration  by  the  high 
pressure  gradient,  the  friction  between  ions  and  electrons  and  the  electric  field  the  plasma  ions  expand 
with  high  kinetic  energy  from  the  cathode  region  to  the  anode  [2].  Typically  the  ion  current  which  flows 
opposite  to  the  voltage  polarity,  lies  in  a  range  of  7%  -10%  of  the  total  arc  current  [3]. 

One  of  the  first  measurements  of  the  ion  energy  distribution  was  presented  by  Plyuotto  et  al.  [4].  They 
determined  ion  energies  of  low  current  stationary  vacuum  arcs  for  copper  up  to  70  eV  by  using  a  retarding 
potential  analyser. 

Davis  and  Miller  [5]  measured  the  ion  energy  distribution  in  a  dc  current  range  between  30  A  and  250  A 
for  various  metals  and  also  found  potentials  for  the  majority  of  the  ions  higher  than  the  arc  voltage.  They 
used  a  combined  mass  and  electrostatic  energy  analyser  and  found  that  the  fraction  of  single  charged  ions 
increases  with  an  increasing  arc  current.  The  peak  values  of  the  ion  energy  distributions  shift  towards 
lower  energies  as  the  current  rises. 
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Other  authors  have  also  examined  the  angular  distribution  of  the  plasma  ions.  Kutzner  [6]  found  an 
anisotropic  ion  flux  for  vacuum  arcs  caused  by  dc  currents  lower  than  200  A  which  is  directed  to  the 
anode.  The  angular  distribution  was  described  by  an  exponential  function.  Some  authors  [7,8]  determined 
an  angular  distribution  for  current  with  an  amplitude  below  1  kA  which  follows  nearly  a  cosine  curve. 


2.  EXPERIMENTAL  CIRCUIT  AND 
RETARDING  FIELD  ANALYSER 

All  experiments  were  carried  out  in  a  synthetic 
laboratory  circuit.  The  sinusoidal  half-wave 
currents  between  300  Arms  and  10  kArms  were 
generated  with  an  LC  circuit.  The  frequency 
was  about  50  Hz.  These  currents  were  switched 
off  by  the  CuCr-75/25-contacts  operating  in  a 
dismountable  vacuum  chamber  with  a  pressure 
less  than  5*10“^Pa.  The  contacts  were  opened 
mechanically  shortly  after  current  closing  at  a 
speed  of  1.7  m/s.  The  diameter  of  the  spiral 
contacts  was  60  mm  and  the  final  contact  distance 
was  12  mm.  The  arcing  time  was  around  9  ms. 
The  cathode  was  grounded  and  the  stainless 
steel  vessel  of  the  vacuum  chamber  (fig.  lA) 
was  floating  during  all  the  measurements.  The 
measured  potentials  refer  to  the  cathode  potential. 
All  mentioned  arc  currents  are  rms  values  unless 
otherwise  specified. 

The  plasma  parameters  were  measured  by  using 
a  retarding  field  analyser  RFA  [17]  as  shown  in 
figure  IB  with  a  collector  of  6  mm  diameter, 
two  removable  grids  and  one  aperture  plate. 
The  analyser  housing  was  floating  during  all 
experiments. 

For  the  determination  of  the  ion  potential  with  a 
retarding  field  analyser  it  is  necessary  to  separate 
the  plasma  ions  from  the  electrons.  Therefore  we 
used  the  metal  grids  G1  and  G2  in  figure  IB. 
The  nickel  wires  of  the  grids  had  a  diameter  of 
2r=:0.02  mm  and  the  spacing  between  the  wire  axes 
was  d=0.1mm.  The  transparency  calculated  with 
the  formula  [9] 

6t  -  id-2r)'^/(P  (1) 

was  0.64. 


C  collector 
^2*  metal  grids 

AP  aperture  plate 

wp  saw-tooth  voltage 
generator 

AP  G1  G2  C  voltage  source 


Fig  A.  Cross  section  of  the  vacuum  chamber  (lA) 
and  of  the  retarding  field  analyser  RFA  (IB)^ 
circuit  diagram  of  the  RFA  (1C), 
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A  voltage  between  20  V  and  50  V  lower  than  the  plasma  potential  Up  was  applied  at  these  grids,  thus 
repelling  the  electrons  by  the  electric  field  [10].  The  spacing  d  between  the  grid  wires  is  a  very  important 
value  for  an  efficient  separation  [10].  It  must  not  be  larger  than  half  the  Debye  Length  : 


d  <  A/)/2 


(1) 


with 


(2) 


(co-  permittivity  of  vacuum,  k  -  Boltzmann  constant,  Tg  -  electron  temperature,  e  -  electron  charge  and 
Tie  -  electron  density).  The  electron  density  Ue  increases  with  increasing  arc  current  [12].  This  means 
that  for  a  grid  with  a  given  spacing  d  the  plasma  density  resulting  from  equations  (2),  (3)  must  meet  the 
condition 


Tie  < 


CokTe 

8e^d^ 


(3) 


In  order  to  adapt  the  diflFerent  plasma  densities  to  this  requirement  for  an  optimal  separation  of  ions  from 
electrons,  an  aperture  plate  is  used  to  reduce'the  plasma  density.  Its  orifice  diameter  is  varied,  depending 
on  the  arc  current.  This  diameter  is  much  larger  than  the  Debye  Length,  so  that  ion  current  density 
passing  through  the  aperture  remains  unaffected  and  the  charge  carrier  concentration  within  the  RFA  is 
proportional  to  the  aperture  area. 

After  the  ions  are  separated  from  the  electrons,  they  fly  against  the  retarding  field  of  the  collector.  The 
collector  voltage  Uc  was  changed  in  a  range  between  -20  V  and  100  V  with  respect  to  the  cathode.  The 
diagram  for  the  collector  circuit  is  shown  in  figure  1C. 

The  ion  potential  distribution  was  determined  by  measuring  the  ion  current  Jg  and  the  collector  voltage 
Uc  which  causes  the  retarding  field  for  ions.  A  typical  C/g/g-characteristic  of  the  retarding  field  analyser 
is  shown  in  figure  2.  The  curve  is  subdivided  into  three  ranges  : 


•  Saturation  area  A:  The  collector  voltage 
Uc  is  much  lower  than  the  plasma  potential 
Up,  Therefore  all  ions  which  reach  the 
analyser  housing  are  accelerated  to  the 
collector.  The  ion  saturation  current 
depends  on  the  ion  density  n^,  the  diameter 
of  the  orifice  and  the  transparency  of  the 
electron  retarding  grids. 

•  Transition  area  B:  The  collector  current 
/g  decreases  strongly  because  the  collector 
voltage  approaches  the  plasma  potential 
(ca.  20-30  V)  and  the  ions  are  no  longer 
accelerated  towards  collector.  The  plasma 
potential  Up  was  determined  by  Langmuir 
probe  measurements. 


Fig. 2.  Typical  Ucic-characteristic  of  the  retarding 
field  analyser  (I  =  1.75  kA,  Ugi  =  -10  F, 

Ug2  =  -15  V) 
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•  Retarding  area  C:  The  ions  that  fly  to  the  collector  with  their  drift  velocity  are  repelled  by  the 
retarding  field  between  separation  grid  2  and  the  collector.  In  this  case  the  collector  voltage  Uc  is 
higher  than  the  plasma  potential. 


Since  the  ions  are  not  monochromatic,  a  retarding  curve  is  obtained  in  region  C.  From  the  equations  (ion 
potential  Ui  =  collector  voltage  Uc)  [12] 

CO 

Ic  =  Cl-  J  f{Ei)  dEi  (4) 

E=e{Uc-Up) 


Ei  —  Uc  ^  Z  '  e 

the  distribution  function  f{Ei)  of  the  ion  potential  can  be  calculated  by  numerical  differentiation 


(5) 


m)  =  ^ 

C2 


die 

dUc 


(6) 


In  the  case  of  figure  2  the  retarding  field  analyser  was  situated  perpendicularly  to  the  contact  axis  at  a 
distance  of  50  mm  (19  mm  from  the  contact  rim)  looking  at  the  center  of  the  interelectrode  gap. 


3.  MEASURED  RESULTS 


3.1,  The  ion  potential  as  a  function  of  arc  current 


Typical  curves  of  the  collector  current  signal  E  at  the  last  three  milliseconds  before  current  zero  of  a 
1  kA  arc  are  shown  in  figure  3.  As  expected,  the  ion  current  decreases  with  the  decreasing  sinusoidal  arc 
current.  The  ion  current  is  plotted  for  different  collector  voltages.  Every  point  shown  in  the  curve  is  the 
average  of  ten  or  more  measuring  points  from  separate  identical  experiments.  The  collector  voltage  Uc 
was  changed  in  5  V  steps.  For  the  last  three  milliseconds  before  current  zero  the  measured  points  were 
evaluated  in  steps  of  0.25  millseconds.  For  the  results  in  fig.  3  approximately  200  experiments  had  to  be 
made. 

The  i/cZ-fc'diaracteristic  of  the  RFA  for  an  arc  current  of  1  kA  is  shown  in  figure  4  for  selected  times 
during  arcing.  Obviously  there  are  ions  with  higher  potentials  than  the  plasma  potential  of  approximately 
20  V.  In  the  retarding  part  C  of  the  characteristic  an  ion  current  signal  was  measured  at  the  collector  up 
to  retarding  voltages  Uc  of  60  V. 

These  t/c//c-characteristics  were  measured  for  different  arc  currents  in  a  range  between  300  A  and 
10  kA.  Due  to  the  changing  orifice  diameter  of  the  aperture  plate  and  the  increasing  plasma  density, 
the  amplitude  of  the  ion  current  is  varying.  For  a  better  comparison  of  the  results  the  measured  ion 
current  is  normalized  to  the  ion  saturation  current  Iq  at  a  collector  voltage  of  0  V  for  each  curve. 

By  numerical  differentiation  of  the  standardized  characteristics  the  ion  potential  distribution  for  the 
retarding  part  C  was  determined.  In  the  saturation  and  transition  part  of  the  curves  ions  with  potentials 
lower  than  the  plasma  potential  are  superimposed  by  accelerated  ions.  This  acceleration  occurs 
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between  the  electron  separation  grids  and  the 
collector  for  collector  voltages  below  the  plasma 
potential  because  of  the  negative  grid  volt  ages » 
Figure  5  shows  ion  potential  distribution  functions 
for  differnt  currents  at  two  milliseconds  before 
current  zero.  It  is  obvious  to  see,  that  the  ion 
potentials  decrease  for  higher  arc  currents.  For 
instantaneous  current  values  higher  than  8  kA  the 
maxima  of  the  potential  distributions  have  nearly 
the  value  of  the  plasma  potential.  This  means 
that  the  plasma  ions  of  higher  arc  currents  do 
not  have  the  same  high  drift  velocities  like  at 
lower  currents.  At  the  end  of  the  arcing  time  the 
instantaneous  values  of  the  arc  currents  decrease 
and  the  maxima  of  the  potential  distributions  grow 
up  to  higher  values.  This  effect  can  be  seen  in 
figure  6.  The  curves  show  the  maxima  of  the 
ion  potential  distribution  versus  the  time  during 
arcing  for  different  currents.  For  example  at  an  arc 
current  of  2.5  kA  the  most  frequent  ion  potential 
grows  from  39  V  up  to  47  V  during  the  last  two 
milliseconds  of  the  arcing  time.  As  a  reference  the 
floating  potential  Uj  of  the  plasma  is  also  plotted  in 
the  figure  6.  This  potential  is  related  to  the  plasma 
potential  by  [13] 

It  is  easier  to  measure  the  floating  potential  with  a 
simple  electric  plasma  probe  instead  of  measuring 
the  plasma  potential,  which  must  be  evaluated  by 
determing  a  complete  Langmuir  characteristic.  In 
our  case  we  found,  that  the  floating  potential  is 
normally  5  V  lower  than  the  plasma  potential. 

The  maxima  of  the  ion  potential  distribution 
function  for  equal  instantaneous  currents  of  arcs 
with  different  50  Hz  rms  currents  show  no 
significant  differences  (figure  7).  Only  a  small 
decrease  of  the  ion  potential  from  42  V  to  39  V 
could  be  observed  in  an  arc  current  range  between 
2.5  kA  and  7.5  kA.  This  means  that  the  ion  energy 
follows  the  50  Hz  current  nearly  instantaneously 
compared  to  the  time  frame  of  milliseconds. 


arcing  lime 

Fig. 3.  Collector  current  signal  F  at  the  last 
three  milliseconds  before  current  zero  (1=1  kA) 


Fig. 4-  Collector  current  F  versus  retarding  voltage 
Uc  (1=1  kA) 


Fig. 5.  Ion  potential  distribution  functions  f{Ui) 
for  differnt  arc  currents  at  two  milliseconds  before 
current  zero 
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Fig. 8.  Measurement  of  the  angular  distribution; 
the  analyser  was  fixed  in  a  constant  distance  of 
R=50  mm  in  different  angular  positions  7  in  steps 
0/5° 
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For  lower  arc  currents  (time  t  <  9  ms^  momentary 
current  i  <  1.5  kA)  the  maximum  of  the  ion 
saturation  current  lies  at  7  =  25^,  from  where 
the  analyser  looks  towards  the  cathode  surface. 
This  is  a  indication  that  the  ions  that  mainly 
emanate  from  the  cathode  spots  are  expanding 
towards  the  anode  and  radially  outwards  rather 
coUisionlessly.  For  a  momentary  current  of  3  kA 
(t=7  ms,  fig. 9)  the  maximum  lies  at  7  ==  5^  which 
is  nearly  perpendicular  to  the  contact  axis.  This 
effect  is  only  possible  if  the  plasma  density  has 
so  considerably  increased  that  collisions  between 
the  particles  occur  in  the  interelectrode  gap. 
For  5  kA  (fig. 10)  the  alteration  in  the  angular 
distribution  happens  later  than  for  2.5  kA,  but 
the  instantaneous  arc  current  values  are  similar 
(i  ~  1.8  kA). 

4,  DISCUSSION 

The  high  ion  potentials  measured  at  lower  ac  arc 
currents  (i  <  1  kA)  are  in  good  agreement  with 
measurements  of  dc  vacuum  arcs  known  from  the 
literature  [4,5].  But  for  higher  ac  current  vacuum 
arcs  a  strong  reduction  of  these  high  values  was 
found.  Considering  the  results  of  the  angular 
distribution  it  seems  that  collisions  between  the 
plasma  particles  caused  by  the  increasing  plasma 
density  are  the  reason  for  the  decreasing  ion 
potentials.  For  high  arc  currents  the  maximum 
of  the  angular  distribution  is  perpendicular  to 
the  contact  axis.  This  is  only  possible  if  the 
interelectrode  plasma  is  collision  dominated. 


Fig. 9.  Angular  distribution  of  the  ion 
saturation  current  (1=2.5  kA) 


Fig.  10.  Angular  distribution  of  the  ion 
saturation  current  (1=5  kA) 


Boxman  et  al.  [14]  also  characterized  the  plasma  bulk  as  collision  dominated  in  their  multicathode-spot 
model  (MCS),  because  they  found  that  the  electron  mean-free  path  is  shorter  than  the  typical  electrode 
scale  length. 

At  lower  instantaneous  values  of  the  arc  current  the  plasma  density  and  the  probability  of  collisions  in  the 
interelectrode  space  decreases.  Related  to  the  same  moment  before  current  zero,  the  angular  distribution 
indicates  that  the  ion  motion  is  much  more  directed  to  the  anode  and  the  ion  potentials  tends  to  higher 
values  (  fig.  6,9).  Near  current  zero  we  found  much  higher  ion  potentials  than  at  ealier  times  where  the 
current  was  higher. 
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As  figure  7  shows,  there  is  only  a  small  reduction  in  the  ion  potential  for  the  same  instantaneous  current 
at  different  rms  currents.  If  the  ion  potential  and  the  angular  distribution  is  influenced  by  collisions  in 
the  interelectrode  gap,  this  effect  depends  only  on  the  plasma  density.  Investigation  of  the  vapor  density 
with  laser-induced  fluorescence  showed  that  a  delay  time  up  to  0.8  ms  exists  between  the  arc  current  and 
the  density  maximum  [15].  So  the  slightly  falling  curve  in  figure  7  can  be  attributed  to  such  inertia. 

The  RFA  supplies  no  information  about  the  masses  of  the  plasma  ions  and  the  ion  charge  number. 
Investigations  of  Anders  et  al.  [16]  showed  that  the  ion  charge  number  is  changing  during  short  pulse 
vacuum  arcs.  For  copper  ions  they  found  a  decrease  of  the  mean  ion  charge  number  Z  from  2.6  down  to 
1.85  for  the  first  500  ns  of  a  100  A  current  impulse.  With  the  definition  of  the  ion  potential  (eq.  6) 

Ei  =  Ui  •  Z  -  e 

and  under  the  assumption  that  these  processes  occur  in  a  reversible  way  at  current  zero,  the  increase 
of  the  charge  number  Z  would  lead  to  higher  ion  energies.  So  this  possible  effect  does  not  change  the 
general  tendency,  found  in  our  investigations  with  a  retarding  field  analyser. 

5.  CONCLUSIONS 


•  For  low  sinusoidal  arc  currents  (i  <  1  kA)  high  ion  potentials  up  to  60  V  were  found. 

•  A  strong  reduction  of  the  ion  potentials  down  to  values  near  the  plasma  potential  was  determined 
for  higher  arc  currents. 

•  Near  current  zero  the  ion  potentials  increase  with  the  decrease  of  the  arc  current. 

•  The  ion  potentials  tend  to  higher  values  in  the  same  range  of  the  arcing  time,  in  which  the  direction 
of  the  ions  changes  from  nearly  perpendicular  to  the  contact  axis  towards  the  anode. 

•  At  arc  currents  below  a  momentary  current  i  <  1.8  kA  the  mriximum  of  the  RFA  ion  saturation 
current  lies  at  an  angel  which  is  directed  towards  the  anode.  This  indicates  that  the  plasma 
ions  which  mainly  emanate  from  the  cathode  spots  are  expanding  towards  the  anode  and  radially 
outwards  rather  collisionless. 

•  For  higher  momentary  currents  i  >  1.8  kA  the  maximum  of  the  RFA  ion  saturation  current  lies 
at  an  angel  which  is  nearly  perpendicular  to  the  contact  axis.  This  effect  is  only  possible  if  the 
plasma  density  has  so  considerably  increased  that  collisions  between  the  particles  occur  in  the 
interelectrode  gap.  In  the  literature,  the  current  value  for  the  transition  collisionless- collisional 
is  controversial.  The  present  paper  offers  a  simple  experimental  means  for  determing  this  value 
(about  1.8  kA  for  our  conditions). 
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ABSTRACT 

The  use  of  reduced  gaps  in  applications  of  high-current  vacuum  arc  devices  presents  a  number  of  interesting  challenges. 
Specifically,  standard  contact  designs  have  been  developed  over  several  decades  to  achieve  controlled  motion  of  high-current 
ac  arcs  in  vacuum  interrupters.  For  medium- voltage  ^plications,  the  optimal  maximum  contact  gap  can  typically  range  from 
about  6  mm  to  about  2  cm.  However,  the  influence  of  the  contact  design  may  be  gap  dependent,  so  additional  research  may 
be  appropriate  if  the  contacts  are  to  be  used  at  smaller  gaps.  For  example,  the  current  through  spiral  contacts  produces  a 
magnetic  field  perpendicular  to  the  arc  column,  but  this  will  force  the  arc  to  move  outward  and  run  along  the  periphery  of  the 
petals  only  if  a  threshold  separation  is  achieved.  In  this  investigation,  a  framing  camera  was  used  to  record  the  appearance  and 
motion  of  drawn  vacuum  arcs  between  spiral-petal  contacts  with  final  gaps  of  2  to  3  nun.  After  the  rupture  of  the  molten 
bridge,  a  high-pressure  arc  column  formed  and  expanded  aaoss  the  width  of  the  spiral  arm.  At  the  reduced  gap,  an  intense 
anode  spot  formed  if  the  peak  current  exceeded  -15  kA.  Compared  to  results  previously  obtained  at  larger  gaps,  the  arc  motion 
was  greatly  reduced,  and  severe  contact  damage  was  observed  at  lower  currents. 

1.  INTRODUCTION 

The  vacuum  interrupter  is  widely  established  as  the  technology  of  choice  for  the  many  applications  of  medium-voltage  switching 
from  5  kV  to  38  kV.  An  overview  of  the  theory  of  operation  and  the  internal  components  of  the  vacuum  interrupter  is  provided 
in  Ref.  1,  along  with  a  description  of  the  two  main  types  of  contacts  used  commercially  for  high  currents.  Both  of  these  contact 
types  use  a  self-generated  magnetic  field  to  control  the  drawn  vacuum  arc  and  promote  its  transition  from  the  columnar  mode 
to  the  diffuse  mode.  In  the  first  type  of  contact,  a  magnetic  field  is  impressed  perpendicular  to  the  arc  column  to  force  it  to 
move  rapidly  around  the  contact  surface.  In  the  second  type,  an  axial  magnetic  field  is  generated  which  forces  the  high-current 
arc  to  go  diffuse  within  a  few  milliseconds  after  separation  of  the  contacts.^*  ^ 

Research  on  vacuum  arcs  continues  to  be  important  for  the  optimization  of  vacuum  interrupters  and  the  development  of  wider 
applications  of  the  technology.^  In  particular,  the  spiral  contact  design  is  widely  used  in  commercial  interrupters  to  promote 
motion  of  the  high-current  columnar  arc.  This  work  extends  an  earlier  investigation  of  spiral  contacts  which  resulted  in  plots 
of  the  characteristic  arc  appearance  as  a  function  of  instantaneous  ac  current  up  to  70  kA  peak  and  contact  gap  up  to  8  mm.'^ 
These  appearance  diagrams  showed  how  current-gap  space  was  divided  into  regions  of  diffuse  or  columnar  arcing  modes,  and 
these  were  compared  with  previous  results  for  drawn  arcs  on  simple  butt-type  contacts^  and  slotted  cup  contacts.^  Reports  of 
the  arc  appearance  in  other  experimental  studies  with  spiral  contacts  have  been  more  descriptive  in  nature.^'^ 

High-current  columnar  vacuum  arcs  were  previously  observed  to  run  on  spiral  vacuum  interrupter  contacts  for  gaps  greater  than 
-4  mm,  and  the  spiral  slots  effectively  promoted  the  transition  to  a  diffuse  arc  by  breaking  up  the  moving  column."*  This  work 
presents  detailed  results  from  high-speed  photographic  and  electrical  analyses  of  high-current  arcs  at  gaps  of  2  to  3  mm.  For 
gaps  up  to  3  mm  the  arc  motion  is  limited,  with  the  column  moving  less  than  half  way  around  the  contacts.  The  conditions 
which  produced  the  limited  arc  motion  are  identified.  These  results  can  be  compared  to  analogous  studies  of  the  hesitation  time 
and  minimum  gap  required  for  initial  motion  of  high-current  arcs  in  air  on  runner-type  electrodes  (see  Ref.  10,  for  example). 

2.  EXPERIMENT 

A  diagram  of  the  apparatus  is  shown  in  Fig.  1.  The  Cu-Cr  contacts  were  mounted  in  a  vacuum  chamber  which  was  operated 
at  a  base  pressure  of  -10'"*  Pa.  The  contacts  were  electrically  isolated  from  the  chamber,  which  was  isolated  from  the  circuit 
and  ground.  The  upper  contact  was  fixed,  and  the  lower  contact  was  attached  to  a  stainless  steel  bellows.  Motion  of  the  lower 
contact  was  activated  by  a  pulsed  double-coil  repulsion  and  latching  actuator  which  provided  an  approximately  linear  opening 
speed.  The  stainless  steel  arc  shield  was  21  cm  in  diameter,  and  it  was  electrically  connected  to  the  chamber.  It  had  a  screen- 
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TABLE  I 

Experimental  Parameters 


Peak  current  4  0^^) 

7.70  -  36.3 

Separation  current  4  (kA) 

7.70  -  29.0 

Separation  delay  (ms) 

1.0  -  2.2 

Contact  speed  (m/s) 

1.0 

Maximum  gap  d  (mm) 

2,  3 

Fig.  1.  Diagram  of  experimental  apparatus  and  current  waveform. 


covered  window  for  photographing  the  arcs  with  a  framing  camera  at  -7000  frames  per  second.  Table  I  gives  the  ranges  of 
experimental  condiUons.  A  420-V  electrolytic  capacitor  bank  supplied  the  arc  current.  A  plotted  current  pulse  is  included  in 
Fig.  1;  it  follows  a  60  Hz  wavefom  up  to  the  crowbar  at  7  ms.  The  62-mm  diameter  contacts  had  four  spiral  arms  and  4-mm 
wide  slots'^  (see  Fig.  2),  and  were  mounted  with  the  arms  of  one  overlapping  the  slots  of  the  other.  They  were  conditioned  with 
a  flowing,  100  W  RF  argon  discharge,  followed  by  repeated  diffuse  vacuum  arcs  at  ~3  kA  and  several  higher  current  arcs.^ 


3.  RESULTS 


The  columnar  vacuum  arcs  which  formed  over  tlie  range  of  currents  investigated  were  not  observed  to  move  more  that  about 
one-half  of  the  way  around  the  gap’s  circumference.  One  or  two  bridge  colutnn  orc^  formed  upon  contact  separation  and  then 
became  anchored  at  nearby  spiral  slots.  If  only  one  column  formed  initially,  a  second  column  would  sometimes  appear  and 
stick  at  another  slot  before  the  gap  reached  about  1  mm.  In  other  instances,  part  of  the  arc  would  expand  across  the  slot,  split 
off  and  move  away  from  the  original  column  to  the  next  slot.  No  arcing  to  the  shield  was  observed  for  the  tests  with  final  gaps 
of  2  to  3  mm.  Previously,  at  gaps  of  4  mm  or  greater,  more  vigorous  arc  motion  around  the  periphery  of  the  contacts  was 
observed,  and  arcing  to  the  shield  could  be  triggered  as  the  running  column  passed  over  a  slot  and  became  unstable,^  Examples 
of  movie  frames  from  tests  with  a  maximum  gap  of  2  mm  are  shown  in  Fig.  2.  Intense  anode  activity  and  contact  damage  at 
the  anchored  arc  roots  are  shown  for  cases  widi  one  or  two  columns. 


Fig.  2.  Left:  frame  from  a  test  with  4  =  21  kA,  a  full  gap  of  2  mm,  and  a  single  anchored  bridge  column.  Molten  contact 
material  is  visible  as  bright  droplets  ejecting  to  the  right.  The  orientated  view  of  the  cathode  contact  is  shown  to  the  same  scale. 
Right:  three  frames  from  a  test  with  4  =  36  kA,  a  full  gap  of  2  mm,  and  two  parallel  arc  columns.  The  second  column  formed 
by  splitting  of  tlie  original  bridge  column  at  a  cathode  slot,  as  seen  in  the  second  frame. 
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On  the  left  in  Fig.  2  is  a  frame  of  a  single  column  with  =  21  kA.  There  was  no  motion  of  the  arc  after  the  bridge  column 
formed  adjacent  to  a  slot  on  the  lower  contact  (cathode).  Molten  material  is  visible  as  bright  droplets  ejecting  from  the  intense 
anode  spot.  The  orientated  top  view  of  the  cathode  is  shown  to  the  same  scale.  The  sequence  at  right  was  obtained  from  a 
test  with  Ip  =  36  kA.  The  top  frame  shows  an  arc  column  anchored  at  a  cathode  slot  L32  ms  after  the  contacts  separated  with 
7^  =  18  kA.  The  second  frame  shows  the  column  splitting  at  the  slot  1.18  ms  later.  The  second  column  became  anchored  at 
the  next  slot  and  developed  an  intense  anode  spot.  The  lower  frame  shows  the  arc  after  another  3.68  ms,  during  the  interval 
of  decreasing  current.  Dark  molten  material  is  seen  falling  from  the  anode  through  the  center  of  the  gap  at  the  right-hand  edge. 

Figs.  3  and  4  show  the  ranges  of  peak  current  for  which  various  arcing  modes  were  observed.  Fig.  3  was  constructed  for 
experiments  with  a  single  arc  column  from  the  time  of  contact  separation  until  the  current  dropped  and  the  arc  went  diffuse 
(at  --10  kA  for  Ip  >  29  kA).'^  With  Ip  less  than  about  13  kA,  the  bridge  column  arc  transitioned  directly  to  a  diffuse  columnar 
mode}'  During  the  time  of  a  stable  diffuse  columnar  mode,  the  anode  discharge  probably  entered  the  footpoint  spot  mode.^^ 
For  Ip  higher  than  about  13  kA,  the  arc  developed  into  a  constricted  column;^  i.e.,  the  column  boundaries  became  visibly  well 
defined,  and  it  was  more  constricted  near  the  anode.  Intense  anode  activity  was  identified  by  a  glowing  spot  which  continued 
after  a  column  began  to  go  diffuse.  Of  particular  interest  is  the  observation  that  intense  anode  activity  was  seen  for  currents 
above  Ip  ==  15  kA,  which  is  about  2  kA  above  the  peak  current  for  which  the  arc  column  began  to  constrict  No  running  arc 
motion  was  observed  until  Ip  exceeded  --32  kA,  at  which  point  the  column  would  begin  to  move  away  from  the  position  where 
the  initial  bridge  column  arc  formed  to  the  tip  of  the  spiral  arm  on  which  it  was  located.  At  that  point  it  would  become 
anchored  at  the  petal  tip.  For  Ip  >21  lL\,  intense  activity  occurred  which  caused  severe  contact  damage,  with  molten  electrode 
material  being  visibly  liberated  from  the  anode  spot.  .This  degree  of  anode  damage  previously  was  not  observed  when  the  gap 
was  increased  to  4  mm  or  more,  even  for  currents  as  high  as  35  kA  peak."^  This  is  attributed  to  the  ability  of  the  arc  column 
to  overcome  the  anchoring  forces  and  run  along  the  contact  periphery  and  briefly  attach  to  the  shield. 

For  the  experiments  corresponding  to  Fig.  4,  two  parallel  arc  columns  had  formed  before  the  gap  reached  ~1  mm.  The  parallel 
columns  generally  had  about  the  same  brightness  when  the  current  was  near  its  peak.  Constriction  of  the  parallel  columns  was 
observed  for  Ip  >  29  kA,  consistent  with  the  trend  of  the  observations  at  larger  gaps."^  As  judged  by  the  relative  brightness  of 
the  columns,  the  current  transferred  increasingly  into  one  column  as  the  current  decreased  to  zero.  This  can  explain  why  intense 
anode  activity  was  observed  near  the  end  of  the  cycle  for  17  kA  <  Ip  <  29  kA,  even  though  the  parallel  arcs  retained  a  diffuse 
columnar  appearance.  Although  the  instantaneous  current  in  the  longer-lived  parallel  column  was  not  large  enough  to  cause 
it  to  constrict,  a  high  rate  of  heat  input  was  maintained  as  the  other  column  became  unstable  and  extinguished  first.  This 
suggests  that  the  onset  of  intense  anode  activity  depends  on  integrated  healing.  On  the  other  hand,  the  threshold  peak  current 
for  ejection  of  molten  material  from  the  anode  was  significantly  increased  above  the  corresponding  level  for  one  arc  column. 
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Fig  3.  Ranges  of  peak  arc  current  for  tlie  observed 
appearance  of  various  arcing  modes  widi  a  full  gap 
of  2  mm  and  a  single  arc  column. 


Fig.  4.  Ranges  of  peak  arc  current  for  the  observed 
appearance  of  various  arcing  modes  with  a  full  gap 
of  2  mm  and  two  parallel  arc  columns. 


SPIEVoL  2259  f  181 


4.  DISCUSSION 


Arc  appearance  diagrams  for  high-current  drawn  arcs  on  butt-type  (Heberlein  and  Gorman’)  and  spiral-petal  (Schulman"') 
contacts  have  been  reported  previously.  Heberlein  and  Gorman  used  100-mm  butt-type  contacts  with  final  gaps  of  12  to  25  mm 
and  separation  speeds  of  2.4  to  5  m/s.  Within  the  first  -3.5  mm  of  travel,  they  observed  a  boundary  between  the  diffuse 
columnar  and  constricted  columnar  arc  modes  at  an  instantaneous  current  of  15  to  16  kA,  with  anode  spot  modes  forming  as 
the  gap  continued  to  increase.  The  corresponding  results  in  Fig.  3  show  that  when  the  gap  is  limited  to  2  mm,  the  constricted 
column  boundary  is  shifted  to  slightly  lower  current.  While  the  anode  spot  boundary  did  not  shift  below  15  kA,  the  very  short 
constricted  arcs  did  not  assume  the  hourglass  or  separated  jet  appearances  observed  at  longer  gaps."*'  ’  Using  identical  spiral 
contacts  at  gaps  of  4  to  8  mm  and  opening  speeds  of  -2  m/s,  Schulman'*  found  that  arcs  initiated  on  the  steeply  rising  current 
would  always  pass  through  an  intermediate  stage  of  two  parallel  columns  before  transforming  into  a  single  column  at  3  to 
6  mm.  This  condition  of  current  sharing  between  parallel  fixed  columns  is  desirable,  as  it  shifts  the  threshold  for  anode  damage 
to  higher  currents.  However,  it  was  only  observed  for  roughly  half  of  the  trials  with  maximum  gaps  of  2  to  3  mm.  Schulman'* 
also  found  that  for  larger  gaps,  if  an  arc  column  became  anchored  at  a  slot,  it  could  not  resume  or  begin  running  unless  it 
developed  a  wedge  instability.^  This  allowed  it  to  expand  out  from  the  gap  and  attach  to  the  shield.  It  then  began  to  move 
and  quickly  returned  to  the  contact  gap.  Heberlein  and  Gorman  observed  that  the  wedge  instability  only  occurred  for  gaps 
above  -3  mm.  This  establishes  that  for  these  small  gaps,  the  spiral  contacts  behave  as  essentially  butt-type  contacts,  and  do 
not  provide  a  mechanism  for  inducing  the  instability  required  for  the  column  to  begin  or  maintain  motion  over  the  slots. 

5.  CONCLUSIONS 

This  work  establishes  that  final  gaps  of  2-3  mm  are  smaller  than  the  minimum  gap  necessary  to  allow  high-current  arcs  to  pass 
over  the  slots  in  these  standard  spiral  contacts.  The  immobility  of  the  arc  columns  lowered  the  threshold  peak  current  for  severe 
contact  heating  at  the  anode  arc  root.  Heavy  anode  damage  was  observed  in  progress  for  /^  >  21  kA  when  there  was  a  single 
arc  column.  For  single  arc  columns,  the  arc  was  constricted  for  above  -13  kA;  intense  anode  activity  appeared  for  > 
15  kA.  No  arcing  to  the  large-diameter  cylindrical  shield  was  observed  for  maximum  gaps  in  the  present  range.  This  eliminated 
an  important  mechanism  by  which  anchored  columnar  arcs  can  resume  their  motion.'*  The  observed  arc  modes  are  similar  to 
those  reported  for  previous  experiments  on  drawn  arcs  during  the  first  few  millimeters  of  opening  to  larger  final  gaps.**’  ’ 
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ABSTRACT 


In  this  paper,  the  high  current  vacuum  arc  behaviour  with  horse  shoe  electrode 
has  been  described.  These  are  dynamic  vacuum  arc  distribution,  the  maximum  current 
density  related  to  the  interrupting  limit  and  factors  which  influences  the 
interrupting  limits.  Then  based  on  the  above  analyses,  several  vacuum  interrupters 
within  4)70  mm  outside  diameter  have  been  tested.  From  the  results,  it  shows  that  the 
small  size  vacuum  interrupters  can  be  made  with  the  oblique,  ellipse  shaped  horseshoe 
electrode.  The  interrupting  ability  of  such  type  vacuum  interrupters  is  further 
increased . 

1.  INTRODUCTION 


The  interrupting  abilities  of  vacuum  interrupters  depends  on  many  factors.  These 
factors  are  normally  influenced  by  each  other  and  show  collective  effects  on  the 
interrupting  abilities.  There  are  many  literatures  about  the  high  current  vacuum  arcs 
[l]-[7].  In  this  paper  the  following  items  are  tested  and  analyzed  for  horseshoe 
electrode.  The  diffusing  process  of  vacuum  arcs;  the  maximum  current  distribution  at 
maximum  interrupting  abilities;  the  influence  of  direct  diffusing  space  on  the  inter¬ 
rupting  abilities.  Based  on  these  tests  and  analyses,  several  different  types  of 
vacuum  interrupters  are  tested  and  compared.  As  a  results  within  the  same  outside 
diameter  of  vacuum  interrupters,  not  only  large  contact  area  is  important  but  also 
large  diffusing  volume  plays  very  important  role  also  to  increase  further  the  inter¬ 
rupting  abilities.  The  vacuum  interrupter  electrode  with  oblique,  ellipse  shaped 
horse  shoe  electrode  shows  very  promising  results. 

2.  DYNAMIC  DIFFUSING  PROCESS  OF  VACUUM  ARC  WITH  HORSESHOE  ELECTRODE 

For  horseshoe  electrode  the  vacuum  arcs  can  be  kept  diffusely  under  strong  axial 
magnetic  field.  These  have  been  described  in  [1],  [2] .  The  diffusing  process  of  va¬ 
cuum  arc  with  horseshoe  electrode  are  tested  with  divided  electrode  as  shown  in  Fig. 
1(a)  . 


The  electrode  is  divided  in  14  segments  and  behind  every  segment  there  is  one 
Rogowski  coil  to  measure  the  differential  of  the  current  which  flows  through  the  seg¬ 
ment.  By  using  the  integration  of  the  measured  signal,  the  current  which  flows  in  the 
segments  can  be  determined. 

By  using  this  principle,  the  calibration  is  very  important.  The  measured  signal 
is  composed  with  14  different  imposed  signals: 

14 

Ui  =  Ui,,  +  E  Uij  (i  =  l,  ...  ,14)  (1) 

j  =  1 
i  ^  j 

In  which  U^c  is  the  signal  from  the  current  flowing  through  the  i-th  segment  and  Uij 
is  the  signal  of  the  influence  from  the  j-th  segment.  From  this,  the  current  flowing 
in  each  segment  can  be  derived  as : 

14 

Ui  =  Kie  *  It  +  E  Kij  *  Ij  (i  =  l,...,14)  (2) 

j  =  1 
i  *  j 

In  which  Ij,  1.  are  the  current  flowing  in  different  segment.  Kie/  are  the  coeffi¬ 
cients  to  be  determined  by  the  calibration.  By  using  individual  current  flowing  in 
each  segment,  the  coefficient  are  experimentally  determined.  By  using  this 
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FiQ.  1  The  vacuum  arc  distribution  with  divided  electrode. 

1(a)  The  measurement  arrangement;  1(b)  The  dynamic  vacuum  arc  development; 

method,  the  vacuum  arc  distribution  is  measured  for  horseshoe  electrode.  The  dynamic 
(^0'y^0]_opment  of  the  vacuum  arcs  can  be  given  as  in  Fig.  1(b)  .  The  vacuum  arc  started 
in  the  middle  of  the  electrode,  and  then  the  vacuum  arc  moves  along  the  middle  line 


of  the  horseshoe  to  the  edges  of  electrode,  and  finally  the  vacuum  arc  moves  to  the 
strong  axial  magnetic  field  area.  After  this  diffusing  process,  the  vacuum  arcs  kept 
in  diffusing  mode  during  high  current  phase. 


3 .  THE  CURRENT  DISTRIBUTION  OF  VACUUM  ARCS  WITH  HORSESHOE  ELECTRODE 


With  the  above  mentioned  experiment  setup  the  current  distribution  with  10,3kA(t- 
op)  are  analyzed  and  simulated.  Based  on  measurement  the  current  density  on  the  anode 
can  be  simulated  with  the  following  relations: 

J  (r,  e)=  (r/Ro)  EXP(-rVA  (0)  )  EXP  [  -  ( e/0o) "]  (3) 

in  which  A  (0)  is  functions  of  0.0,  r  are  the  coordination  on  the  electrode.  0o  is 
angel  of  the  arcing  limit  on  the  electrode  (from  experiments  0o  is  from  80-110  de¬ 
gree)  .  Rq  is  the  electrode  radius.  From  the  experiment  mentioned  above,  the  functions 
A  (0)  can  be  given  as  follows: 

A  (0)  =  K,*Ro^*  [l+(20/7r)^]  (4) 

in  which  is  one  constant  from  0.6  -  0.8.  Based  on  these  results  assume  that  the 
current  distribution  with  horse  shoe  does  not  change  with  current  increase.  Then  the 
maximum  current  density  on  the  maximum  interrupting  current  can  be  derived.  Due  to 
the  maximum  interrupting  current  with  horseshoe  can  be  given  as  [1] : 

1 .555 

1=240. 89*Ro  (5) 

in  which  Rq  is  the  electrode  radius  in  mm,  I  is  the  interrupting  current  in  A  (top) 
and  the  contact  material  is  based  on  Cu/Cr  and  the  electrode  distance  is  10mm.  By 
integrating  the  equation  (3) ,  the  following  equation  can  be  derived. 

=  374.227*Ro  A/mm"  (6) 

From  these  expressions,  we  can  get  the  information  that  at  the  maximum 
interrupting  ability  the  maximum  current  density  is  reached  to  the  order  of  10'^  A/M". 
Which  is  in  the  order  of  anode  spot  formation  [4] .  So  that  means  that  the  maximum 
interrupting  abilities  of  vacuum  interrupters  are  really  limited  by  the  thermal 
stress  to  the  electrode,  although  with  the  help  of  axial  magnetic  field.  The  maximum 
current  density  at  the  interrupting  limit  is  also  electrode  diameter  dependent. 
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4.  THE  INFLUENCE  OF  DIRECT  DIFFUSING  VOLUME  FOR  VACUUM  ARCS (OR  NEUTRALS.  IONS  AND 
ELECTRONS) . 


The  volume  of  vacuum  interrupters  plays  very  important  role  on  the  interrupting 
abilities  of  vacuum  interrupters.  The  volume  here  is  defined  as  the  direct  diffusing 
volume  between  the  inter-electrode  space  and  the  shielding.  This  volume  has  critical 
influence  on  the  neutral  density  after  current  zero.  The  neutral  density  is  very 
important  factor  to  determine  the  maximum  interrupting  abilities.  The  neutral  density 
directly  after  the  current  zero  determines  the  voltage  recovery  ability  of  the  gap. 
The  neutral  density  should  be  kept  lower  than  the  vacuum  breakdown  region.  Otherwise 
the  main  gap  can  have  breakdown  direct  after  current  zero. 

By  assuming  that  the  cathode  is  one  perfect  evaporation  source  of  the  neutral, 
because  the  multiple  cathode  spots  give  metal  neutral  to  the  gap  and  at  the  same  time 
the  cathode  is  one  imperfect  condensation  surface,  so  there  is  one  neutral  generation 
effect  on  the  cathode.  The  anode  is  also  one  neutral  source.  The  shielding  is  one 
perfect  condenser  for  the  metal  neutrals.  At  the  same  time,  assuming  that  the 
generated  neutrals  from  the  electrode  are  immediately  distributed  in  the  space.  This 
is  based  on  the  fact  that  the  neutral  velocity  is  high  and  the  electrode  temperature 
is  also  high.  The  condensation  rate  is  much  more  lower  than  the  generating  rate.  Then 
the  following  equations  can  be  derived. 

aN^  S,  Sin(cjt)  Ng,  Sin(ajt) 

___  ^  -  + - S,  N,3  (7) 

at  AV  AV 

in  which  S^,  are  the  electrode  surface  and  shielding  surface  area.  Ng^,  Ng^  are  the 

rate  of  the  generated  neutrals  by  per  ampere,  per  unite  area  and  per  second  by  catho¬ 
de  and  anode.  is  the  absorb  rate  of  per  unite  area  per  seconde.  /\V  is  the  effec¬ 
tive  pressure  increasing  space.  For  simplicity,  Ng^,  considered  to  be  constant, 

/\V  is  the  cylinder  space  of  diameter  of  the  shielding  and  the  length  is  the  contact 
distance.  Then  neutral  density  at  current  zero  can  be  derived. 

2*  S,  I,  (Ng,  +  Ng,  ) 

Nn= -  -  Sg  N,g  At,,,  (8) 

AV 

From  this  equation  we  could  assume  that  there  is  one  critical  neutral  density  at 
which  the  vacuum  gap  could  have  breakdown  direct  after  current  zero.  From  these  we 
could  also  get  the  maximum  current  at  which  breakdown  happens  directly  after 
current  zero. 

I.p=(Nn+S3  N,3  At,,,)  AV/(2*(S,  I,  (Ng,  +  Ng,)))  (9) 

The  maximum  interrupting  current  has  the  relation  with  this  current  I^p  shown 

above : 

Imi  a  Imp’'  (10) 

in  which  k  is  one  constant.  From  above  equations,  the  volume  of  the  effective 
diffusing  space  for  the  neutral  vapour  density  has  direct  relation  with  the  maximum 
current  at  which  breakdown  could  happens  and  the  maximum  interrupting  current  of  the 
vacuum  interrupters. 

5.  THE  INTERRUPTING  ABILITIES  OF  VACUUM  INTERRUPTERS  WITHIN  d70  mm  DIAMETER 

Based  on  the  above  analyses  the  current  density  and  the  direct  diffusing  volume 
of  vacuum  interrupters  are  two  very  important  factors.  Four  different  type  of  vacuum 
interrupters,  with  070  mm  outside  diameter,  are  designed  and  tested.  The  results  are 
given  in  the  table  I. 
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Table  I 


The  interrupting  abilities  of  different  designs 

(Based  on  lEC  ratings) 


Electrode  design 

Interrup¬ 
ting  abi¬ 
lity  (kA) 

Electrode 
area  (%) 

Direct 
diffusing 
space  (%) 

Contact 
Shape' " 

Conventional  design 

20 

100% 

100% 

HI- 

Oblique  construction  with  the  same 
contacts  as  above 

23,5 

100% 

105% 

“7^ 

Oblique  with  ellipse  shaped 
electrode 

25,0 

110% 

105% 

VA 

Conventional  electrode  with  larger 
diameter  and  diffusing  space 

27,5 

153% 

122,6% 

■■ 

From  these  results,  it  shows  that  two  factors  has  vital  influences  on  the  interrup¬ 
ting  abilities  of  vacuum  interrupters.  Not  only  the  electrode  area  is  an  important 
factor  but  direct  diffusing  space  is  also  an  important  factor. 

6.  CONCLUSIONS 


From  the  experiments,  the  following  conclusions  can  be  drawn: 

The  maximum  current  density  at  the  limit  of  interrupting  abilities  can  reach  to 
the  current  density  of  anode  spot  formation  that  is  in  the  order  of  1.0E7  A/m^ . 

The  maximum  current  interrupting  ability  of  vacuum  interrupters  is  influenced  by 
the  direct  diffusing  space. 

The  ellipse  shaped  and  oblique  construction  vacuum  interrupters  with  horseshoe 
electrode  provide  promising  direction  to  increase  the  interrupting  abilities  of 
vacuum  interrupters  with  small  size. 
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ABSTRACT 

This  Paper  analyzes  the  effect  of  the  gap  of  electrodes  on  the  state  of  vacuum  arc  by  experiment  and  theo¬ 
ry.  And  the  model  of  vacuum  arc  is  set  up.  The  optimal  gap  can  be  deduced  from  controlling  the  vacuum  arc  to 
be  diffusion  state,  in  order  to  get  the  optimal  moving  characteristics  of  electrodes. 

Iv  INTRODUCTION 


The  phase  angle  of  interrupting  current  is  random  at  the  moment  which  electrodes  separate  for  vacuum  cir¬ 
cuit  breaker  (VCB).  The  vacuum  arc  modes  are  dependent  on  electrode  gap  and  interrupting  current  during  arc¬ 
ing.  The  limit  interrupting  current  is  relative  with  the  material,  the  size  and  gap  of  electrodes^.  Usually,  the  in¬ 
vestigation  on  cathode  phenomena  deals  with  low  current  only.  When  the  current  is  high  enough  to  make  the 
anode  become  active,  the  gross  erosion  on  the  cathode  surface  takes  place^,too.  The  arc  current  can  be  extin¬ 
guished  successively  at  current  zero  under  diffusion  arc  and  footpoint  arc.  It  is  possible  for  arc  current  to  net  be 
interrupted  when  anode  spot  appears  or  the  anode  erosion  is  very  serious.  The  constriction  of  arc  often  be  found 
before  anode  spot  appears^  The  anode  spot  will  take  place  when  arc  contraction  at  anode  is  kept  in  diffusion 
mode.  For  a  certain  material  and  size  of  electrodes,  the  arc  mode  can  be  controlled  by  electrode  gap  and  mag¬ 
netic  field  under  arc  current. 


2.  ANALYSIS  BY  EXPERIMENT 

Test  circuit  is  shown  in  fig.  1.  The  fig.  2  is  about  the  relationship  between  the  electrode  gap  and  interrupt¬ 
ing  current.  There  is  a  optimal  gap  zone  to  break  a  interrupting  current  effectively.  For  example ,  the  interrupt¬ 
ing  current  is  25kA,  optimal  gap  zong  is  3  —  8mm. 


Fig.  1  Test  circuit 
Ci,  Li: current  source ;G: trigger 
Cu,  Lu: voltage  source ;R  :risistance 
C :  capacitor ;  V ,  i :  dividers 


I(kA) 


the  electrode  gap  and  current 
*  — successfulinterruption : 

H — not  successful. 


3>  MODELLING  OF  VACUUM  ARC 

3.  l.The  Basic  Hypotheses 

The  vacuum  arc  can  be  usually  divided  into  three  regions,  cathode,  plasma — column  and  anode.  Before  the 
anode  spots  formation,  the  electrons,  ions  and  metal  vapour  are  supplied  by  cathode  under  low  current.  The 


0-8194-1 581-2/94/$6.00 


SPIE  VoL  2259/  187 


particles  are  produced  by  the  cathode  spots  of  which  the  number  is  proportional  to  the  arc  current.  A  large 
number  of  the  particles  jet  from  the  rapidly  moving  spots.  Because  of  the  rapid  movement  of  the  spots,  the  dis¬ 
tribution  of  the  particles  nearby  the  cathode- surface  is  basically  uniform.  Therefore  the  arc  radius  in  neighbour¬ 
hood  of  cathode  is  approximately  equal  to  the  electrode  radius.  For  the  plasma, the  mean  free  path  of  all  parti¬ 
cles  is  far  small  compared  to  the  characteristics  dimension  collision  is  dominant.  Thus, it  is  quite  approximate 
that  macroscopical  one -fluid  plasma  theory  is  used  to  describe  the  physical  process  of  vacuum  arc.  The  anode 
may  act  as  an  additional  source  of  the  particles  due  to  anode  column.  Therefore, the  physical  process  are  more 
complicate.  In  this  paper, only  the  vacuum  arc  without  anode  spots  or  prior  to  the  anode  spot  forming  is  dis- 


Fig.  3  Vacuum  arc 


Fig.  4  Coordinate  system 


3.  2.  The  stationary  Vacuum  Arc  Equation 

Hypotheses  conditions 

DThe  system  is  local  quasineutrality.  Because  the  plasma  as  a  whole  is  neutral , there  must  be  some  scale  on 
which  quasineutrality  is  valid.  This  scale  the  Debye  length: 


X=( 


eoKT 

2ne2 


)  =  69.0 


For  the  valid  parameters :  T  =  2X10*K!  n—  2X10^^m  SX  2.2X10 


It  is  much  smaller  than  the  characteristic  dimension  of  the  system  studied.  Then  it  can  be  assumed  that  the  ion 
density  is  equal  to  the  electron  density. 

2)  The  electron  mass  is  neglected  to  compare  with  the  ion  mass. 

3) The  pressure  is  isotropic  due  to  many  collisions  during  a  characteristic  time. 

4) To  neglect  the  displacement  current. 

5) The  viscosity  effects  is  out  of  regard. 

6) Tht  vacuum  arc  is  axisymmetrical  approximately.  So  Jz  can  be  expressed  as 

Jz=I/7tR2=Jo  (  Ro  /R) 

where,  Jo  =I/jtR^  is  the  current  density  nearnby  the  cathode.  Momentum  transport 


pm  ^ 


avt 

at ' 


-Vr 


9Vr 

a  t  ' 


-Vz 


ar 


ar 


B,,+Jt  •  Bz 


Jz-Br=  Jr-Bz 
Maxwell  s  equations 

a(r.Br)  aBz 
rar  az 

aBr  aBz_ 


(2) 

(3) 


(4) 

(5) 
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9  (r  «  B^) 
r3r 


Fo  •  Jz 


(6) 


Continuity  equations  of  electric  current 


•  Jr).L  .^-0  (7) 

r3  r  0  z 

B:  Magnetic  field;  n;  Density:  Br;  Radial  magnetic  field;  ne;  Electron  density ;Pi  Pressure  B; Azimuthal  magnetic  field ;ni: Ion 
density;  e:Electron  charge;  R; Arc  radius;  I;  Current  Ro;  Electrode  radius;  J:Current  density;  Ti  Temperature;  Jr;  Radial  cur¬ 
rent  density;  V; Velocity;  Jz; Axial  current  density;  Vr;  Radial  velocity ;k: Boltzmann  constant;  Vo ; Initial  velocity;  K: Electrode 
parameter:^:  Dehye  length;  L;  Gap  length;pO:  Permeability;  me;  Electron  mass ;p„.!Mass  density ; mi, mn;  Ion, neutral  mass. 
The  stationary  mode  is  valid  in  90  %  interval  during  arcing  time  for  the  current  with  power  frequency C6D.  Thus 
the  derivative  with  regard  to  time  is  neglegible. 

The  arc  radius  equation  deduced  from  above  expressions  is 


Cl - PmV&(-^)‘j- 

Po 


R  "  ^  dz^ 


Bz^  dR 

PoR'^dZ 


2  ‘-R^  p„R^  R 

(8) 


The  arc  current  should  be  less  than  3  kA/cm^  to  prevent  serious  melting  of  the  surface  of  anode  in  an  arcing 
time.  Supposing  that  the  arc  radius  of  the  surface  of  anode  is  k  Ro  under  the  limit  state  which  arc  current  densi¬ 
ty  is  3  kA/cm^. 

Supposing  the  shape  of  vacuum  arc  is  shown  in  fig.  5.  Then 

R=Ri(l-z/L)+k  •  Ro  (9) 

dR/dt=-Ri/L  (10) 

Where  Ri=Ro-k  Ro; 

R  =  k  Ro(k<l)when  z=L. 


Thus  equation(8)  is 
L2-bL-c  =  0 

where  b=CRi(3  Pm  Vo^/K^4"  Bz^/po))/Cpo  Ro^  Jo^/2K^  2Bz^/p  +  2Po) 
c  =  Cp„RiVK4)/CpoRi^  JoV2K2-  2  BzVpo  +  2  Po) 
then  the  root  of  the  above  equation  is 


. 

c  a.  t  h.  o  d. 

i . 


Fig.  5  The  state  of  arc 


Ll  =  Cb=Vb^+4HV2 

For  stationary  arc ,  LI  is  the  longest  gap  length  to  keep  the  arc  state  mentioned  above.  The  anode  spots 
can’t  be  found  when  L<Ll.  But  L  can’t  be  less  than  a  certain  value  because  the  density  of  arc  current  is  very 
high  in  small  gap.  At  this  time.  The  serious  erosion  takes  place  not  only  on  the  surface  of  anode,  but  also  on 
the  surface  of  cathode.  The  state  in  small  gap  can’t  be  expressed  in  above  equations.  Lmin  is  supposed  to  be 
the  limit  value.  The  arc  state  is  high  density  in  the  case  L  <Lmin.  The  arc  constriction  leads  to  the  melting  of 
the  surface  of  anode  on  the  case  L^Ll.  LI  is  relative  with  the  axial  magnetic  intensity.  The  next  relationship 
can  be  gotten  if  k  =  l 

BzHpo'  Ro'  JoV4+2  Po  (11> 

3.  3.  The  Equation  of  Moving  Electrode  Velocity 

Hypotheses  is  that  the  current  is  certain.  Thus ,  the  relationship  between  the  velocity  and  the  gap  length  is 
expressed  as 

..  ^  ^  zdL  .po  Ro').^,  2Bz'  ,  ^  .3  p^,  Vo'  ,  Bz'  ,  3  p„  Ro, 

p„,  Vo  Ri  Ro'-5^  = 


po  RO^Jr  2 
2K'  ■' 


po 


-2Po)L+Ri[:- 


+ 


po 


K 


-L+p„,Ri'/K^  =  0 


(12) 


The  displacement  curve  of  moving  electrode  is  not  one  solution  because  the  moment  which  electrodes  sepa 
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rate  is  random.  So  there  is  a  significance  to  analyze  the  velocity  of  moving  electrode.  Under  the  arc  current  is 
peak  value  and  the  velocity  is  zero,  then  Jo=Imax/7cRoS  supposing 
pniVo  Ro^  Ri(dL/dt)  =  —  A  •  L^+B  •  L+C  =  0 
Then  the  root  of  the  above  equation  id 

Lm=  CB"f”v^B-|-4  •  A  •  C]/ (2A) 

Lm  is  the  longest  gap  of  electrode  to  interrupt  a  current  effectively  from  above  time— dependent  equations. 
The  velocity  of  the  electrode  is  positive  when  L<ILm.  The  moving  electrode  moves  continually.  The  velocity  is 
zero  when  L=  Lm,  then  the  moving  electrode  stops. 

4.  THE  OPTIMAL  MOVING  CHARACTERISTICS  OF  ELECTRODES 

Lm  is  larger  than  LI.  The  optimal  moving  characteristics  of  electrodes  is  shown  in  fig.  6.  At  is  very  short.  It 
means  that  the  electrode  should  move  to  Lmin  as  possible  as  quickly. 

The  electrode  should  move  at  low  speed  from  Lmin  to  LI.  The  electrode  stops  when  the  gap  is  Lm.  The 
velocity  characteristics  is  shown  in  fig.  7. 


Fig.  6  The  optimal  moving  curve  of  electrodes  Fig.  7  The  optimal  velocity  of  electrodes 
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ABSTRACT 


The  main  parameters  and  dimensions  of  cathode  spots  were  under  discussion  since  years.  To  solve  these  current  questions,  a 
new  system  was  especially  designed,  The  image  converting  High  Speed  Framing  Camera  HSFC,  which  combines  a  micro¬ 
scopical  resolution  of  5  pm  with  a  nanosecond  time  resolution  and  a  very  high  optical  sensitivity.  This  camera  was  used  to 
study  the  microscopical  behaviour  of  vacuum  arc  cathode  spots  in  a  pulsed  high  current  arc  discharge  on  copper.  The  direct 
observation  of  these  spots  with  high  resolution  revealed  the  conclusions  that  one  single  cathode  spot,  as  normally  observed 
by  optical  means  consists  of  a  number  of  simultaneously  existing  microscopical  sub-spots,  each  of  them  with  a  diameter  of 
about  15  pm  and  a  mean  distance  of  30.. .50  pm  between  them.  The  mean  existence  time  of  these  sub-spots  on  copper  was 
found  to  be  about  3.2  ps,  where  the  position  of  a  sub-spot  remains  unchanged  (with  an  upper  limit  of  about  2.. .3  pm)  during 
its  existence  time.  An  upper  limit  of  the  crater  surface  temperature  was  estimated  by  a  comparison  between  the  brightnesses 
of  a  cathode  spot  and  of  a  black  body  radiation  lamp  to  about  3000  K. 


1.  INTRODUCTION 


The  main  parameters  and  dimensions  of  single  cathode  spots,  especially  of  the  current  carrying  plasma  cloud,  the 
existence  time  and  the  character  of  its  displacement  were  under  discussion  since  many  years.  There  was  an  uncertain  differ¬ 
ence  between  the  crater  dimensions  of  about  10  pm,  measured  post  mortem  with  scanning  electron  microscopes  (e  g.  /!/, 

/2/,  /3/)  and  the  photographically  measured  dimensions  of  the  bright  plasma  cloud  of  about  100  pm  (/4/,  /5/,  /6/).  Conse¬ 
quently,  it  was  impossible  to  determine  the  current  density  within  the  cathode  spot  -  a  key  value  for  each  theoretical  expla¬ 
nation  -  from  the  experimental  data.  Values  between  10^  and  10^^  A/m^  have  been  offered  by  different  authors  /?/.  There¬ 
fore  the  question  of  spot  dimensions  and  current  density  is  the  task  of  a  long  lasting  discussion  (e.  g.  /3/,  /9/),  carried  out 
on  the  base  of  experimental  data  but  also  on  obsessions  and  prejudices.  Really,  it  is  difficult  to  understand  by  what  means 
the  current  would  pass  through  an  area,  outside  the  molten  craters  and  on  the  other  hand,  the  (Spitzer-)conductivity  is  much 
lower  than  it  must  be,  to  transport  the  arc  current  through -the  small  craters  forced  by  only  the  cathode  drop  voltage.  Conse¬ 
quently,  new  experimental  methods  and  arrangements  are  inevitable  to  get  more  insides  of  the  arc  spot. 

Another  motivation  of  more  detailed  studies  of  the  arc  spot  process  is  the  development  of  new  vacuum  arc  applica¬ 
tions.  In  the  last  few  years,  the  arc  based  thin  film  deposition  (e.  g.  hard  films,  like  TiN,  anticorrosive  films  and  decorative 
coatings)  has  become  a  new  important  technology.  This  new  application  where  the  arc  is  used  as  an  effective  source  of 
highly  ionised  plasma  has  stimulated  new  investigations.  For  the  coating  technology  it  is  important,  to  find  out,  by  what 
means  the  degree  of  ionisation  can  be  regulated  and  how  to  minimize  the  droplet  fraction. 

In  the  present  paper,  a  new  high  speed  camera  with  microscopical  resolution  will  be  described  and  the  first  results 
are  reported  of  the  current  program  of  high  speed  investigations  of  the  cathode  spot  behaviour. 

2.  EXPERIMENTAL  SET-UP 


Due  to  the  insufficient  local  and  temporal  resolution  of  the  available  high  speed  cameras,  a  new  system  was  espe¬ 
cially  designed  for  our  tasks.  This  new  technology  high  speed  framing  camera  HSFC,  developed  by  the  PCO  Computer 
Optics  GmbH  Kelheim  combines  a  microscopical  resolution  of  better  than  5  pm  with  a  nanosecond  time  resolution  and  a 
very  high  optical  sensitivity.  Therefore  a  high-resolution  long-distance  microscope  QUEST AR  is  combined  with  a  four 
channel  intensifying  CCD  camera.  Each  channel  can  be  triggered  separately  (delay  0...1  ms  in  I  ns  steps),  moreover  the 
optical  amplification  factor  (gain;  variation  range  about  6  orders  of  magnitude)  as  well  as  the  exposure  time  (width; 

5  ns...  1  ms  in  1  ns  steps)  can  be  adjusted  independently.  Hence  the  camera  allows  a  variety  of  observation  modes.  It  can  be 
used  to  take  a  sequence  of  four  frames  with  or  without  interval,  with  the  same  parameters  or  with  especially  chosen  parame* 
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ters  for  each  single  picture.  Moreover  the  four  frames  can  be  taken  at  one  time  with  different  gains,  to  enlarge  the  dynamic 
range  or  with  different  filters  for  selected  wavelength,  to  detect  the  radiation  of  special  ions  and  so  on.  The  four  pictures  are 
transferred  by  a  video-multiplexer  into  the  computer,  where  the  information  will  be  stored  and  analysed.  The  resolution  of 
the  QUESTAR  mirror  objective  is  limited  only  by  diffraction  to  about  3  pm.  With  the  highest  magnification,  one  CCD-pixel 
corresponds  to  an  area  of  (1  x  1)  pm^  on  the  observation  field.  The  inhomogeneous  structures  of  the  image  intensifying 
multi-channel-plate  (MCP)  and  of  the  fiber  optical  taper  which  connects  the  MCP  and  the  CCD  give  additional  distortions. 
Therefore  the  usable  resolution  is  limited  to  about  5  pm. 

The  arc  spot  studies  have  been  carried  out  at  the  HCA  (High  Current  Arc)  device,  a  new  type  of  pulsed  arc  evapo¬ 
rator  191.  As  cathodes  flat  cylinders  (diameter  30  mm)  made  of  various  metals  or  carbon  were  been  used  which  are  mounted 
in  a  special  cathode  holder.  In  the  centre  of  the  cathode  a  trigger  electrode  is  situated.  The  discharges  are  ignited  by  high- 
voltage  pulses  over  the  trigger  electrode.  During  the  arc  observation  experiments  the  pressure  in  the  vacuum  chamber  has  a 
value  of  10'^  ...  lO'^  Pa.  The  voltage  between  anode  and  cathode  delivered  by  a  condenser  unit  amounts  to  600  V  before 
the  arc  is  ignited.  Sinusoidal  current  pulses  (peak  current:  3  ...  5  kA,  duration:  0.5  ...  1  ms,  repetition  rate:  single 
pulses  ...  300  s  ')  are  formed  by  a  resonant  pulse  forming  circuit  (L=35pH,  C=3mF).  Due  to  the  repelling  forces,  the  cathode 
spots  run  radially  from  the  ignition  point  to  the  rim  of  the  cathode.  In  the  first  experiments  described  here  were  the  HSFC 
was  used  to  observe  cathode  spots  on  a  copper  cathode.  The  observation  area  of  900  x  700  pm^  was  situated  at  a  distance  of 
about  6  mm  apart  from  the  centre. 

Similar  observations  on  other  metals  (titanium,  aluminium)  and  also  on  carbon  have  been  carried  out  and  will  be 
reported  soon. 


3  RESULTS  AND  DISCUSSION 

Conventional  short  time  observations  have  shown  cathode  spots  as  large  bright  areas  of  homogeneous  luminosity 
and  diameters  of  about  100  pm(e.  g.  /4/,  /5/.  To  compare  conventional  photographic  observations  with  the  HSFC  pictures, 
a  series  of  arc  spot  images  with  three  different  resolutions  is  shown  in  fig.  1 : 

a)  An  open  shutter  photograph  -  lateral  resolution  about  80  pm  -  shows  a  number  of  arc  spot  traces  runmng  from  the 

ignition  point  in  the  centre  to  the  rim  of  the  cathode. 

b)  Using  a  gated,  intensified  CCD-camera  with  a  standard  objective  -  exposure  time  200  ns,  resolution  ~  40  pm,  a 

ring  of  simultaneously  existing  spots  can  be  seen. 

c)  With  higher  magnification  it  turns  out,  that  each  spot  has  dimensions  of  about  100  pm,  remarkably  larger  than  the 

lateral  resolution  of  the  used  optical  system. 

d)  The  HSFC  picture  shows  the  inner  structure  of  the  large  spot  -  a  number  of  small  spots  (diameter  about  some  pm) 

existing  at  the  same  time  and  separated  one  from  each  other  for  about  20. ..50  pm. 

CCD-Camera  with  Nikon-  IRO-Camera  (DiCAM2)with  Nikon-Objectiv,  HSFC  (DiCAM2)  with  QUESTAR 

Zoom-Objectiv,  f=S5mm  f=180mm  Long-Distance  Microscope  and 

Exposure  Time:  >  1ms  Exposure  Time:  200ns  2  2x-Barlow-Lenses 

Spatial  Resolution:81, 3pm  /Pixel  Spatial  Resolution:  36, Spin  /Pixel  Exposure  Time:  lOps 

Spatial  Resolution:  1,2pm  /  Pixel 


28,2  mm  16,5  mm  2,7  mm  0,45  mm 

Fig.  1  Series  of  spot  images  with  three  different  resolutions 
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The  dimensions  of  the  small  sub-spots  are  in  the  order  of  10.. .20  pm,  that  means  they  are  similar  to  those  of  the 
microscopically  observable  post-mortem  craters  (comp.  /3/,  /4/)  but  also  to  the  dimensions  found  in  the  only  microscopical 
photography  (resolution  about  0.4  pm)  of  arc  spots  showing  micrometer  structures,  which  were  been  carried  by  Eckhardt 
710/  on  anchored  spots  on  mercury.  The  dimensions  and  the  observation  of  numerous  parallely  existing  spots  found  in  our 
experiments  is  also  consistent  with  the  absorption  pictures  taken  by  Anders  and  Anders  711/  by  a  side-on  passage  of  a  sub¬ 
nanosecond  dye  laser  pulse  through  the  plasma  cloud  in  front  of  the  cathodes. 

To  determine  the  life  span  of  a  single  spot,  as  a  first  test,  a  number  of  sequences  of  four  frames  with  expo- 
sure=delay  time  of  50  ns  were  taken.  In  sharp  contrast  to  the  commonly  accepted  arc  spot  models,  which  predict  spot  life 
times  of  some  tens  of  nanoseconds  747, 767.  In  our  pictures  mostly  no  changes  at  all  can  be  seen  during  the  200  ns. 

To  determine  the  mean  spot  existence  time,  the  number  of  spots  were  been  counted  on  frames  with  different  expo¬ 
sure  times  (20  ns,  100  ns,  1  ps,  10  ps)  each  of  them  interlocked  in  the  middle  of  the  next  longer.  By  a  statistical  estimation, 
the  mean  life  time  of  the  small  spots  was  deduced  from  the  numbers  of  spots  counted  in  the  different  frames  to  about  3.2  ps. 
As  an  example  the  four  frames  of  one  typical  shot  are  shown  in  fig.  2. 


Fig.  2  Number  of  spots,  counted  in  frames  with  different  exposure  times  token  with  the  same  middle  time 


By  only  counting  the  number  of  spots,  it  cannot  be  proved,  whether  the  spot  exists  really  at  one  place  all  the  time  or 
it  moves  randomly  with  a  step  width  below  the  resolution  limit.  Therefore  the  brightness  distribution  of  these  spots  was 
measured  in  dependence  on  the  exposure  time.  It  was  established,  that  the  width  of  this  distribution  is  about  (15±3)  pm,  in¬ 
dependently  on  the  exposure  time  (in  the  range  20ns... Ips).  By  a  numerical  simulation  7127,  it  was  shown  that  the  width  of 
the  brightness  distribution  should  be  proportional  to  the  square  root  of  the  exposure  time,  if  a  small  spot  is  moving  ran¬ 
domly:  Therefore  it  can  be  concluded,  that  the  spot  positions  remain  stable  over  its  existence  time  of  about  3  ps  with  an  un¬ 
certainty  of  less  than  2. .  .3  pm. 

The  maximum  brightness  inside  the  small  spots  was  compared  with  the  brightness  of  a  standard  light  source 
(black  body  radiation  with  T=2700  K),  The  mean  brightness  of  spot  was  found  to  be  3.7  times  higher  than  that  of  the  stan¬ 
dard  lamp.  Taking  into  account,  that  the  thermal  emission  is  only  a  (small)  part  of  the  light  emitted  by  the  spot,  only  an  up¬ 
per  limit  of  the  crater  temperature  can  be  estimated  by  this  way.  In  the  case  of  copper,  this  upper  limit  was  found  to  be  about 
3200  K,  a  temperature  much  lower  than  in  most  theoretical  estimations  but  consistent  with  the  temperature  established  by 
Utsumi  7137  from  the  Maxwellian  velocity  of  metal  vapor  atoms,  emitted  from  the  cathode  spot. 
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4.  CONCLUSIONS 


The  direct  observation  of  these  spots  with  high  resolution  revealed  the  following  main  features: 

□  One  single  cathode  spot,  as  normally  observed  by  optical  means  and  having  dimensions  of  about  100  pm  consists  of  a 
limited  number  of  simultaneously  existing  microscopical  sub-spots. 

□  The  brightness  distribution  of  a  single  (sub-)spot  has  a  radial  symmetrical  bell-like  shape  with  a  FWHM  of  about 
20  pm. 

□  The  distance  between  such  neighbouring  sub-spots  is  in  the  range  of  30  ...50  pm. 

□  The  existence  time  of  these  small  cathode  spots  (sub-spots)  on  the  studied  materials  was  in  the  range  from  some 
100  ns  to  several  microseconds,  e.  g.  for  copper  the  mean  life  time  was  found  to  be  about  3.2  ps. 

□  During  the  existence  time,  the  position  of  a  sub-spot  remains  unchanged  (with  an  upper  limit  of  about  2., .3  pm). 

□  The  optical  emission  of  the  spot  consists  of  two  parts:  a  line  spectrum  of  plasma  emission  and  a  continuum  from  the  ther¬ 
mal  emission  of  the  crater  surface.  Taking  into  account,  that  the  thermal  emission  is  only  a  (small)  part,  an  upper  limit  of 
the  crater  temperature  can  be  estimated.  In  the  case  of  copper,  this  upper  limit  is  about  3000  K. 
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ABSTRACT 


Micron-size  macroparticles  can  be  removed  from  vacuum  arc  plasmas  using  magnetic  filters,  perrmtting 
the  deposition  of  high-quality  thin  films  of  the  cathode  material.  The  principle  of  magnetic  filtering  is 
explained,  and  ways  of  improving  filter  efficiency  using  additional  electric  and  magnetic  fields  ^e  explored. 
Under  optimum  conditions,  about  25%  of  all  ions  entering  the  filter  can  be  used  for  deposition.  Other 
problems  such  as  down  or  upscaling  of  deposition  facilities  are  briefly  discussed. 


1.  INTRODUCTION 

Vacuum  arc  plasma  deposition  is  an  emerging 
film  deposition  technique  having  a  potentially  wide 
range  of  industrial  applications  such  as  the 
production  of  metallurgical  coatings.  It  does  not 
require  any  hazardous  solutions  such  as  those  used 
in  conventional  wet-chemical  plating.  The  material 
to-be-deposited  is  used  as  the  cathode  material  in  a 
vacuum  arc  discharge  and  transformed  into  a  plasma 
at  the  cathode  spots.  Along  with  the  plasma, 
macroparticles  up  to  a  few  microns  in  size  are 
produced  at  the  cathode  spots.  Contamination  of  the 
films  by  macroparticles  is  a  major  obstacle  to  broad 
application  of  vacuum  arc  plasma  deposition. 
Attempts  have  been  made  to  solve  this  problem  by 
steering  the  cathode  spots  by  a  magnetic  field,  and 
by  removing  the  macroparticles  by  magnetic  filters 
(see,  e.g.,  review  [1]).  More  applications  would  be 
possible  if  the  macroparticle  contamination  problem 
was  solved;  for  example,  smooth  amorphous 
diamond  films  could  be  used  as  protective  layers  for 
computer  hard  disks,  multilayer  structures  for 
magnetic  recording  or  X-ray  mirrors,  transparent 
conductive  layers  in  solar  cells,  etc. 

In  this  paper  we  report  about  problems 
associated  with  macroparticle  filtering,  scaling  of 
vacuum  arc  plasma  deposition  facilities,  and 
summarize  our  results  obtained  so  far. 


2.  MACROPARTICLE  REMOVAL  BY 
MAGNETIC  FILTERING 

The  idea  of  filtering  is  to  guide  the  vacuum  arc 
plasma  by  a  magnetic  field  through  a  straight  or 
curved  duet  to  the  substrate.  Macroparticles  move 
along  nearly  straight  trajectories  due  to  their  inertia 
and  are  lost  at  the  duct  walls;  the  contamination  of 
the  plasma  at  the  substrate  location  is  therefore 
drastically  reduced  (straight  duet)  or  even 
completely  removed  (curved  duct).  Additional 
measures  have  to  be  taken  to  handle  bouncing  of 
macroparticles  from  the  duct  walls. 

Pioneering  experiments  were  carried  out  by 
Aksenov  and  his  group  in  the  late  1970’s  [2],  They 
used  a  curved  (90°)  duct  with  a  guiding  magnetic 
field  strength  of  up  to  80  mT,  with  the  option  of 
biasing  the  duet  wall.  Such  a  configuration  has 
been  used  by  many  researchers.  We  have  modified 
this  approach  by  using  pulsed  vacuum  arc  plasma 
sources  and  filter  systems  in  which  the  arc  current  is 
used  to  generate  a  pulsed  guiding  magnetic  field  [3]. 
Our  “small”  vacuum  arc  ,  plasma  source  [3]  is 
comprised  of  a  central  rod  as  the  cathode  (diameter  6 
mm),  surrounded  by  a  ceramic  insulator,  and 
annular  anode.  By  applying  a  high-voltage  pulse  to 
a  trigger  electrode,  a  surface  discharge  creates  a 
small  plasma  which  triggers  the  main  arc.  Cathode 
spots  move  randomly  over  the  cathode  surface 
(front  face  of  the  rod)  and  produce  a  plasma  of  the 
cathode  material;  the  anode  is  passive  and  acts  as  an 
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electron  collector.  Typically,  arc  current  is  in  the 
range  50  -  300  A  and  arc  duration  is  between  100  |j.s 
and  10  ms.  The  plasma  contains  electrons,  ions 
with  charge  states  between  1+  to  5+,  a  low  fraction 
of  neutral  atoms,  and  macroparticles.  The  plasma 
streams  away  from  the  source  with  a  velocity  of  1- 
2x10^  m/s,  and  the  macroparticle  velocities  are 
much  smaller.  A  90°  duct  was  attached  to  this 
plasma  source,  and  high-quality  thin  films  of  the 
cathode  material  have  been  deposited  [3].  As  a  duct 
material  we  have  used  welded  bellows  to  minimize 
bouncing  of  macroparticles. 


3.  OPTIMIZING  MACROPARTICLE 
FILTERING 

The  plasma  flux  at  the  substrate  is  reduced  by 
the  macroparticle  filter  since  a  fraction  of  the  plasma 
recombines  at  the  duct  walls.  To  improve  plasma 
transport  from  source  to  substrate,  understanding  of 
the  basic  transport  mechanism  is  important.  An 
analysis  of  characteristic  lengths  and  frequencies 
shows  that  electrons  are  magnetized,  i.e.,  the 
electron  Larmor  radius  is  much  smaller  than  the 
minor  radius  of  the  duct  and  the  collision  frequency 
is  smaller  than  the  gyration  frequency  (assuming  a 
typical  magnetic  field  strength  of  a  few  mT  or  tens 
of  mT).  Therefore,  electrons  gyrate  around  the 
magnetic  field  lines  and  cannot  reach  the  wall 
without  collisions  (field  lines  are  parallel  to  the  duct 
wall).  Although  ions  are  not  magnetized,  their 
motion  is  bound  to  the  electrons  by  plasma  internal 
electric  fields.  Thus,  the  whole  plasma  motion  is 
determined  by  the  magnetic  field  but  ion  transport 
can  be  influenced  by  electrostatic  fields  since  electric 
sheaths  penetrate  into  the  plasma  due  to  the  presence 
of  the  magnetic  field  ("plasma-optics"  or  "flux  tube" 
model).  Consequently  both  magnetic  and  electric 
fields  improve  the  plasma  filter  throughput. 

The  findings  of  Aksenov  and  his  group  [2] 
that  a  positive  wall  bias  improves  plasma  transport 
have  been  confirmed  in  our  experiments,  see  Fig.l. 

The  data  of  Fig.  1  have  been  obtained  using  a 
90°  copper  duct  (minor  radius  34  mm,  major  radius 
76  mm,  100  turns  solenoid).  The  anode  of  the 
plasma  source  was  at  ground  potential,  and  the  duct 
wall  could  be  biased.  More  details  of  the 
experiment  can  be  found  in  [4].  The  output  of  an 
optimally  biased  duct  is  increased  by  almost  a  factor 
of  10  over  that  of  a  grounded  duct,  which  represents 
a  substantial  improvement. 


Fig.  1:  Ion  saturation  current  density  to  a  Langmuir 
probe  as  a  measure  of  the  filter  output  as  a  function 
of  the  duct  potential,  with  the  guiding  magnetic  field 
strength  as  a  parameter.  Titanium  cathode,  100  A, 
600  |is  discharges. 

Another  way  of  increasing  the  efficiency  is  to 
apply  an  axial  magnetic  field  to  the  plasma  source 
which  focuses  the  plasma  into  the  filter  [5];  we  refer 
to  this  axial  field  as  the  focusing  field.  The  plasma 
source  was  equipped  with  a  solenoid  (10  turns  over 
a  length  of  20  mm)  which  was  electrically  in  series 
with  the  arc  current.  A  magnetic  field  strength  of 

about  5y:oc„^(inmT)-0.6  Vc(inA)  was 

established  at  the  position  of  the  cathode  surface, 
where  I  arc  is  the  arc  current.  Using  the  plasma 
source  without  filter  but  with  focusing  field,  the 
total  ion  saturation  current  reached  about  10%  of  the 
arc  current.  Combining  the  efficient  plasma  source 
(i.e.,  with  focusing  field)  with  a  magnetic  filter 
gives  a  maximum  ion  current  of  2.5%  of  the  arc 
current  (Fig.2),  i.e.,  about  25%  of  the  ions  entering 
the  filter  are  usable  for  film  deposition. 

To  investigate  the  influence  of  the  guiding  and 
focusing  magnetic  field  strengths,  the  arc  current 
and  the  currents  for  the  magnetic  field  coils  were 
driven  independently  (Fig.  3).  At  small  or  moderate 
focusing  field,  the  output  increases  with  increasing 
guiding  field.  Maximum  output  is  reached  at  a 
focusing  field  of  about  30  mT.  A  higher  focusing 
field  is  not  advantageous,  and  plasma  instabilities 
have  been  observed  at  much  higher  magnetic  field 
strength  [6]. 
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Fig.  2  Ratio  of  ion  current  to  arc  current  (in  %)  for 
various  source  and  filter  arrangements.  Arc  current, 
focusing  and  guiding  field  coils  are  electrically  in 
series.  Titanium  cathode,  5  ms  discharges. 


4.  DOWNSCAT.TNG  OF  PLASMA  SOURCE 
AND  FTLTER 

Smaller  devices  must  be  capable  of  handling 
the  average  power  which  can  be  estimated  by 

P<5U  I^ff.  where  5  is  the  arc  duty  cycle  and  U  is 
the  burning  voltage.  Vacuum  arcs  require  a 
minimum  arc  current  (“chopping  ciurent”,  typically 
a  few  amperes),  and  a  finite  arc  lifetime  has  been 
observed  even  for  currents  greater  than  the  chopping 
current.  This  effect  is  associated  with  the 
nonstationary  nature  of  cathode  spots.  Since  U  is 
of  order  20  V,  the  duty  cycle  must  be  lower  than 

_9 

10  to  keep  the  heat  load  low. 

Another  consideration  of  downscaling  is  to 
keep  the  necessary  electrical  insulation  between 
anode,  cathode,  and  trigger.  Cathode  erosion,  heat 
load  and  insulation  limit  the  scaling;  one  feasible 
device  that  we  have  developed  is  shown  in  Fig.  4. 
It  has  been  used  for  deposition  of  thin  films 
(<10  nm  ). 
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Fig.  3:  Ion  saturation  current  density  as  a  function  of  the  guiding  magnetic  field  strength, 
with  the  focusing  field  strength  as  a  parameter.  Titanium  cathode,  100  A,  5  ms  discharges. 


5.  UPSCALING  OF  PLASMA  SOURCE  AND 
FILTER 

Large  fluxes  of  plasma  are  required  for  the 
deposition  of  thick  films  (e.g.,  >  500  nm). 
Increasing  plasma  production  by  increasing  the  arc 
current  is  limited  due  to  the  appearance  of  anode 


spots  which  may  destroy  the  plasma  source  anode, 
its  cooling  system,  or  other  parts.  The  arc  current  is 
therefore  typically  smaller  than  1  kA.  Large  plasma 
fluxes  can  be  obtained  by  using  a  high  arc  duty 
cycle,  up  to  DC  operation. 

Heat  removal  from  the  plasma  source-filter  system 
and  from  the  substrate  becomes  essential.  A 
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Fig.  4  Miniature  vacuum  arc  plasma  source  with  magnetic  macroparticle  filter. 


large  system  has  been  developed  (cathode  diameter 
5  cm)  in  which  cathode,  anode,  duct,  and  substrate 
are  water-cooled.  In  a  quasi-DC  mode  of  operation 
(pulse  length  up  to  1  sec)  various  metal  films  have 
been  deposited  with  thickness  of  up  to  100  |im. 
Different  trigger  schemes  have  been  tested, 
including  a  surface  discharge  trigger  and 
electromechanical  trigger  mechanisms.  In  the  first 
case,  deposition  of  cathode  material  on  the 
insulating  surface  is  a  problem  which  can  be 
overcome  by  a  suitable  insulator  shape.  In  the  case 
of  a  movable  trigger  pin,  coating  of  the  pin  and 
eventual  welding  of  trigger  pin  and  cathode 
remained  a  problem  if  thousands  of  discharges  were 
required. 


6.  “DUST”  PRODUCED  IN  DEPOSITION 
FACILITY 

If  the  films  deposited  are  strained,  they  may 
eventually  crack  and  delaminate.  This  is  true  not 
only  for  films  deposited  on  substrates  but  also  for 
films  which  are  deposited  on  the  plasma  source 
anode  and  duct  wall.  In  particular,  if  carbon  is  used 
as  the  cathode  to  deposit  amorphous  diamond  films, 
microscopic  flakes  of  cracked  films  are  “blown” 
with  the  plasma  stream  towards  the  substrate 
although  macroparticle  filtering  has  been  shown  to 
work  properly.  More  work  is  needed  to  solve  this 
problem. 
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ABSTRACT 


The  present  paper  deals  with  the  creation  of  a  new  mathematical 
model  for  2D-computer  simulation  of  the  axisymmetrical  radiative 
plasma  magnitohydrodynamics  (MHD)  flows  under  vacuum  spark  discharge. 
In  difference  with  the  earlier  works  (see,  for  example,  and  its 
references)  we  use  not  only  one-but  also  two  temperature  approximation 
and  take  into  consideration  not  only  electrical  but  also  magnetic 
fields  in  equation's  system  of  the  mathematical  model . Created 
MHD-model  is  based  on  implicit  full  conservative  difference  scheme  in 
combined  Eulerian  and  Lagrangian  (CEL)  approach.  The  system  of 
difference  eguations  is  solved  by  using  of  Newton-like  iteration 
procedure.  Groups  of  eguations  are  selected  in  accordance  with  the 
similar  character  of  physical  processes  and  the  energy  balance 
calculation  is  carried  out  for  the  convergence  control. 


1 . INTRODUCTION 


The  goal  of  this  work  is  the  development  of  computer  code  to  simu¬ 
lation  of  MHD  processes  in  emissive  center  on  the  cathode  surface 
under  high  voltage  discharges.  The  solution  of  such  a  problem  has  a 
key  significance  for  the  creation  of  quantitative  theory  of  explosive 
electronic  emission  (EEE)^.One  of  the  main  problem  is  the  correct 
description  of  electro-magnetic  fields  and  electric  currents  in  the 
emission  region  along  with  self-consistent  solution  of  hydrodynamical 
equations. 

Thermophysical,  electrophysical  and  optical  properties  of  real 
substances  in  wide  range  of  parameters  are  taken  into  account  in  our 
work.  The  using  of  nonequidistance  difference  grids  and  two 
temperature  approximation  makes  it  possible  to  investigate  the 
processes  in  the  near-cathode  region  not  only  for  small (as  it  was  made 
earlier  with  the  aid  of  the  model^ )  but  also  for  big  gaps  between  the 
electrodes  . 

This  circumstance  considerably  increases  the  validity  of  the 
created  model  because  makes  it  possible  to  provide  practically 
important  scientific  and  engineering  calculations  of  perspective 
devices  in  micro-  and  high  power  electronics,  micrometallurgy  . 

2. MODEL  FORMULATION 


The  mathematical  model  of  the  explosive  and  the  destructive  pro¬ 
cesses  of  the  cathode  microinhomogeneities  under  vacuum  discharge  are 
based  on  the  system  of  the  2-D  nonstationary  axisymmetrical 
magnetohydrodynamic  equations^ : 


0-81 94-1 581 -2/94/$6.00 
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dp/dt  +  div(fp)  =  0, 

pdV/(it=-v(P+D)  + 
p(is/dt=-(P+D)vV  -  vW  +Gj, 


W  =  -  ?e  grad  T, 

->  4%  -> 

rot  B  =  -^  J, 

1  dB 

rot  E  - - ' 

c  dt 

div  B  =  0, 


(1) 


J  =  O’ (E  +  n,B]/c). 


Here  p  -  density  of  matter,  V  -  hydrodynamics  velocity  vector  of 
matter  (two  components) ,  P  -  pressure,  £  -  specific  internal  energy,  or 
=  (0,B^,0)-  vector  of  magnetic  field,  E  =(BL,0,E  )-  vector  of  electric 
field  tensity,  T-  temperature,  C  -  velocity  of  light,  36=  0e(p,!r,B)- 
total  coefficient  of  thermal  and  radiative  heat  transfer,  0=  0(p,T,B) - 
electric  conductivity  coefficient  ,  j(r,z,t)-  density  of  current. 


dj  =  (J)V  O  -  Joule 


dissipation,  D  -  displacement  part  of  tension. 


Thermal  and  electrical  conductivity  were  calculated  using  the 
method,  which  includes  effects  of  non-ideal  plasma  and  electron 
degeneration^ '  ^  The  system  of  hydrodynamical  equations  was  completed 
by  wide-range  equation  of  state^ (EOS) .  ^ 

Boundary  conditions  include  Nottingham's  effect’^  (for  solid  state 
cathode  surface  or  ordinary  electron  emissive  cooling  for  the  plasma 
surface)  and  surface  thermal  black  body  emission: 


dT  1 

36—  =  f  +  O  ’  (2) 

On  e  " 


Here  is  the  mean  energy  carried  out  by  single  electron,  J^^-density 
of  emissive  current. 

The  peculiarity  of  our  approach  is  the  calculations  of  nonstatio¬ 
nary  electric  and  magnetic  fields  and  currents.  To  make  these 
calculations  we've  divided  our  region  into  two  parts  -  matter  and 
vacuum.  Then  we  should  take  into  account  evolution  of: 

-  spatial  distribution  of  strong  electric  fields  in  vacuum; 

-  spatial  distribution  of  electro-magnetic  fields  and  current  inside 
the  tip  and  plasma  corona. 

As  the  first  step  of  calculations  at  each  moment  of  time  (i.e.  at 
each  step  of  hydrodynamical  calculations  to  take  into  account  rapid 
changes  of  geometry  and  electrical  conductivity)  we  solve  Laplace 
equation  in  the  vacuum: 

h(p  =  0,  (3) 

where  (j)  is  the  electric  potential  .Then  we  calculate  the  density  of 
emissive  current  Jem  at  the  interface  between  solid  state  matter  and 
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vacuum  using  relationships*  and  between  plasma  and  vacuum^ ^ using 
recommendations^  .  (We  disregarded  metal-  plasma  emission  as  in  > 

For  this,  we  construct  additional  grid  between  electrodes  every  time- 
step  and  solve  the  equation  (3) .  Then  we  may  calculate  the  density  of 
emissive  current  and  magnetic  field  on  the  boundary: 

2  ^  ^ 


^boundary  Cr'^'^em 

Q 


dS 


(4) 


for  Maxwell's  equations  (see  (1)),  using  which  we  can  find  the  distri¬ 
butions  of  current  densities  inside  the  tip  and  energy,  deposited  into 
the  tip  (or  another  kind  of  emissive  center  geometry)  .  Here  Q  - 
emissive  surface,  which  is  limited  by  circumference  with  radius  r. 

The  discrete  model  is  implemented  on  the  base  of  implicit  full 
conservative  finite-difference  scheme  corresponding  the  difference 
system  of  MHD  equations  (1)  and  used  the  technique  of  adaptive  grid^  . 

The  algorithm  for  solution  the  system  of  finite-difference  equa¬ 
tions  derive  a  few  groups  of  equations  depending  on  physical 
processes.  There  are  motion,  energy,  field  groups.  Every  group  of 
equations  is  solved  by  means  of  Newton-like  iteration  procedure^ . 

The  energy  balance  calculation  is  carried  out  for  the  convergence 
control  during  the  solving  of  the  discrete  MHD  equations.  The  full 
conservative  method  ensure  us  to  obtain  most  correct  physical  effects 
in  discussion  problems. 

Numerical  generation  of  grids  has  recently  found  extensive 
application  to  problems  in  physics  and  engineering.  This  is  because 
many  problems  of  practical  interest,  such  as  flows  bounded  by  curved 
surfaces,  can  be  calculated  in  curvilinear  coordinates  more  accurately 
and  conveniently  than  in  Cartesian  coordinates.  In  flow  problems,  the 
boundary  conditions  have  to  represented  accurately  in  the  numerical 
formulation  since  the  region  in  the  immediate  of  solid  surfaces  is 
generally  dominant  in  determining  the  character  of  the  flow, especially 
at  high  Reynolds  numbers. 

We  used  an  adaptive-node  method  having  next  ingredients: 

-an  orderly  method  of  numbering  (or  mapping)  nodes  distributed 
over  the  physical  region  of  interest; 

-a  means  of  "communicating”  between  nodes  so  that  the  distribution 
of  nodes  remains  fairly  regular  as  they  are  shifted; 

-a  measure  of  the  error  in  the  discrete  values  that  bears  some 
relation  to  the  truncation  error; 

-a  means  of  redistributing  the  nodes  as  indicated  by  the  measure, 
so  as  to  reduce  solution  error. 

At  first,  the  nodes  are  held  stationary  in  physical  space  one  or 
several  time-steps,  after  which  the  measure  is  computed.  Then,  the 
nodes  are  shifted  in  response  to  the  measure  to  their  new  positions. 
During  the  calculation  the  measure,  we  used  the  the  information  about 
coordinates  of  the  node,  form  of  domain,  and  node  velocities. 


3. SUMMARY 

The  computer  simulations  were  performed  for  investigation  of  the 
electro-explosion  of  the  different  micro-inhomogeneities  (cylindrical 
and  conic  microtips,  hot  spots)  on  the  aluminum  cathode  surface, 
during  nanosecond  vacuum  discharges. 

A  new  results  of  such  computer  simulations  will  be  discussed  in 
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this  symposium  (the  limited  volume  of  this  paper  does  not  permit  us  to 
demonstrate  all  interesting  results) .  Note  only,  that  in  some  cases 
the  induction  of  magnetic  field  may  reaches  up  to  100  T  during 
nanosecond  discharges,  that  is  very  important  to  account  in  describing 
the  dynamics  of  emissive  centers.  But  when  the  magnetic  fields  are  not 
such  high  the  results  of  computer  simulations  are  in  a  good  agreement 
in  major  details  with  that  received  earlier  (in  electrohydrodynamic 
approach  as  in^ ) . 

Thus  the  constructed  model  made  available  to  produce  computer 
simulation  of  the  high  speed  processes  of  initiation  of  electron 
explosive  emission  at  the  spark  stage  of  vacuum  discharges  in  any 
axisymmetrical  geometry  and  with  taking  into  account  the  effects  of 
magnetic  fields. 
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ABSTRACT 


After  interruption  of  a  high-frequency  (hf)  current  by  a  vacuum  arc,  two  distinct  types  of  reignition  can  be  observed.  The 
first  type  follows  immediately  after  interruption,  the  second  type  tends  to  allow  a  currentless  pause  of  a  few  tenths  of  a 
microsecond.  The  post-arc  current  that  flows  after  hf-current  interruption  has  been  measured  and  has  a  peak  of  several 
A  and  a  decay  time  of  a  several  hundreds  of  ns.  A  dynamic  sheath  model  for  the  decaying  plasma  after  hf  current  inter¬ 
ruption  has  been  used  succesfully  to  model  the  measured  post-arc  cmrent  waveshapes.  The  first  type  of  reigmtion  may 
be  attributed  to  thermal  stress  during  the  period  in  which  no  ion  sheath  has  been  formed  yet,  the  second  type  to  high 
electric  fields,  either  due  to  the  ion  sheath,  or  due  to  the  TRV,  the  weight  of  each  depending  on  gaplength  and  di/ dt. 

1.  INTRODUCTION 


In  circuit  breakers,  the  post-arc  current  (the  manifestation  of  the  decaying  residual  plasma  that  is  present  a  short  time 
after  current  interruption)  has  a  negative  influence  on  the  cmrent  interruption  ability.  This  is  documented  for  the  inter¬ 
ruption  of  power  frequency  currents  of  very  high  magnitudes\  Currents  that  flow  after  reignition  of  interrupters  are 
much  smaller  (few  himdred  of  A)  than  the  just  mentioned  short  circuit  currents,  but  their  frequency  is  orders  of  magni¬ 
tude  higher  than  50  Hz,  dictated  by  the  parasitic  circuit  in  the  vicinity  of  the  interrupter.  This  causes  the  steepness 
(di/dt)  of  reignition  current  to  be  in  the  same  order  or  higher  than  in  the  case  of  a  short  circuit  current.  Thanks  to  the 
excellent  interrupting  ability  of  vacuum  interrupters,  currents  with  di/dt  of  hundreds  of  A/jis  may  still  be  interrupted. 
The  question  whether  or  not  a  reignition  current  can  be  interrupted  is  important  in  estimating  the  probability  of  over¬ 
voltage  generation  in  power  distribution  networks  by  processes  such  as  voltage  escalation  and  virtual  current  chopping^. 
In  this  contribution,  the  relation  between  hf  current  interruption  ability  and  post-arc  current  will  be  discussed, 

2.  POST-ARC  CURRENT  MEASUREMENT 


HF  currents  were  obtained  by  letting  an  opening  vacuum  interrupter  breakdown  soon  after  contact  separation  at  a 
gaplength  smaller  than  500  pm.  The  discharge  of  a  parallel  LC 
circuit  generates  currents  of  several  100  kHz,  such  as  occur  in 
power  distribution  systems.  By  this  method,  typical  waveshapes  as 
shown  in  fig.  1  are  obtained. 

Immediately  after  interruption  of  the  hf  current,  the  (small)  gap  is 
stressed  by  the  transient  recovery  voltage  (TRV)  that  has  an  ex¬ 
treme  steepness,  in  our  case  approx.  100  kV/ps.  This  TRV  origin¬ 
ates  from  the  parasitic  capacitance  of  the  interrupter  (from  50  pF 
to  15  pF  depending  on  the  momentary  gaplength)  and  the  total 
inductance  of  the  hf  current  loop  (in  the  order  of  few  tens  of  pH). 

In  order  to  obtain  the  plasma  component  of  the  post-arc  current, 
the  capacitive  current  due  to  the  TRV  was  subtracted  from  the 
measured  current  using  the  appropriate  interrupter  capacitance. 

From  fig.  1  it  is  clear  that  two  types  of  reignition  are  present^: 

immediate  reignition  (the  first  three  zero  passages  in  fig. 

1)  without  a  noticable  rise  of  voltage; 
delayed  reignition  (the  4*^  zero  passage),  in  which  a  cur¬ 
rentless  pause  of  several  tens  of  ns  allows  the  TRV  to  rise 
to  a  level  of  several  kV,  whereupon  the  gap  reignites. 

At  the  fifth  zero  passage,  definite  current  interruption  takes  place. 


Fig.  1:  Voltage  and  current  during  reignition 
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The  problem  in  measuring  post-arc  current  is  its  small  value  following  pre-zero  amplitudes  of  many  hundreds  of  A. 
Especially  in  hf  current  interruption,  the  time  between  appearance  of  current  maximum  and  post-arc  current  is  only  in 
the  order  of  a  ps.  A  very  fast  clipping  device  is  constructed  that  limits  the  output  of  a  broadband  current  transformer. 
This  device  is  realised  with  a  coaxial  array  of  fast  diodes.  Extensive  checks  guaranteed  that  the  clipping  of  the  current 
transformer  output  signal  did  not  influence  the  near  zero  current  period. 
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Fig,  2:  Measured  post-arc  current  and  TRV 
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Fig,  3:  Peak  of  post-arc  current  vs,  current  zero  di/dt 

A  typical  oscillogram  of  a  post  arc  current  can  be  seen  in  fig.  2.  Its  peak  is  typically  a  few  A,  decaying  to  zero  in  less 
than  a  ps.  This  peak  value  is  in  the  same  order  as  after  50  Hz  short  circuit  current  interruption^  (with  axial  field-type 
contacts).  The  duration,  however,  is  much  shorter  in  our  case,  due  to  the  small  gaplength. 

By  varying  the  frequency  of  the  current  and  the  breakdown  volt¬ 
age,  the  peak  value  of  post-arc  current  (Ipa)  was  investigated  as 
a  function  of  current  steepness  at  current  zero  (S^).  This  results 
in  fig.  3.  As  can  be  seen,  the  post-arc  current  increases 
approximately  proportional  to  current  steepness.  The  vertical 
spread  is  due  to  the  difference  in  gaplength.  When  the  post-arc 
current  peak  value  is  plotted  against  gaplength  at  constant  di/dt 
(of  300  A/ps)  then  it  becomes  clear  that  post-arc  current  rises 
steeply  with  gaplength  until  a  saturation  value  is  reached.  This  is 
shown  in  fig.  4,  together  with  Ip^  calculated  from  eq.  (2). 

The  same  tendency  is  observed  for  the  6  different  contact 
materials  under  investigation.  It  was  striking  to  notice  that  the 
post-arc  current  peak  is  roughly  independent  of  the  contact 
material  when  gaplength  and  di/dt  are  kept  the  same,  although 
the  reignition  behaviour  of  the  materials  differs  considerably. 
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Fig.  4:  Post-arc  current  vs,  gaplength  for  fixed  di/dt 
3.  MODELLING  OF  POST-ARC  PHENOMENA 

At  current  zero,  the  ion  velocity  is  rougly  equal  to  the  electron  velocity.  Thereafter,  the  electron  velocity  decreases  until 
the  electrons  reverse  direction  at  a  time  tj.  From  current  zero  to  tj,  the  former  arc  plasma  remains  an  excellent  conduct¬ 
or  and  no  TRV  can  develop.  Starting  from  t^,  electrons  leave  the  plasma  at  the  ex-cathode  side,  leaving  behind  an  ion 
space  charge  at  the  ex-anode  side  over  which  the  TRV  can  develop. 

As  an  initial  condition,  the  ion  density  at  current  zero  (n^o)  has  to  be  estimated.  Assuming  a  constant  ion  velocity  Vj  near 
current  zero,  all  the  ions  that  are  present  in  the  gap  (with  length  d)  at  current  zero  are  created  in  a  time  interval 
X  =  d/Vj  before  current  zero.  Therefore,  n^o  can  be  estimated  from  the  arc  current  waveshape  a  time  t  ago  as  follows: 


1 


J  0.1  i{t)dt  = 


S4 


SzeiiD^v^ 


(1) 


with  V  the  cylindrical  volume  of  the  discharge  with  diameter  D,  ze  the  ion  charge  and  the  factor  0.1  accounting  for  the 
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weU  known  fact  that  10%  of  the  arc  current  is  carried  by  ions. 

It  is  this  initial  ion  density  that  roughly  determines  the  value  of  the  post-arc  current  (ij^)  at  tj  because  at  that  instant  the 
post-arc  current  is  solely  carried  by  ions,  giving  for  this  current  and  for  the  TRY  delay  time"  ti  the  following  estimation: 


*pa  ) 


TiDhevn,, 

4 


this  yields  for 


^pa(^l) 


d 

20v. 


(2) 


in  which  the  sinusoidal  arc  current  is  linearised  between  the  time  t  before  current  zero  and  tj  after  current  zero. 

For  the  analysis  of  the  complete  post-arc  current  waveshape,  the  Andrews-Varey  transition  model^  has  been  used  in 
order  to  describe  the  expansion  of  the  space  charge  sheath  starting  at  tj.  A  series  of  5  differential  equations  can  be  set 
up  in  order  to  couple  the  dynamics  of  this  sheath  with  the  parasitic  circuit  in  the  vicinity  of  the  arc^.  With  the 
assumption  v^  =  l(f  m/s  and  d  =  1  mm  these  equations  can  be 
solved  relatively  easy.  A  typical  result  is  presented  in  fig.  5, 
where  a  170  A  165  kHz  current  was  interrupted  in  a  260  pm 
gap.  The  initial  ion  density  is  in  the  order  of  10^  m‘^. 

Comparing  the  measured  waveshape  with  the  calculated  one,  it 
may  be  concluded  that  the  model  reasonably  explains  the  post¬ 
arc  phenomena.  From  fig.  5,  it  can  be  seen  that  the  peak  value 
of  ipa  is  only  slightly  higher  than  ipa(ti),  estimated  above. 

Therefore,  the  proportionality  of  post-arc  current  peak  with 
di/dt  and  with  gaplength  as  suggested  by  figs.  3  and  4  may  be 
understood  within  the  model  outlined  above.  The  flattening  at 
longer  gaps  is  because  linearisation  of  hf  current  is  no  longer 
allowed  for  larger  t. 

4.  REIGNITIQN  AND  POST-ARC  CURRENT 


The  importance  of  the  post-arc  current  for  reignition  of  the  gap 
lies  in  the  fact  that  the  presence  of  the  ion  sheath  creates  an 
electrical  field  (Ep^)  at  the  ex-anode.  The  absolute  magnitude  of  this  electrical  field  can  be  estimated  as  follows^: 


with  Uj  the  decaying  ion  density,  u  the  voltage  over  the  sheath  (TRY),  1  the  increasing  sheath  thichkness,  m  the  ion  mass. 
This  field  only  exists  during  the  period  that  a 
post-arc  current  is  drawn.  After  this  -  when  the 
sheath  has  reached  the  ex-cathode,  the  remain¬ 
ing  electric  field  originates  from  the  TRY, 
yielding  =  u/d.  Using  the  Andrews-Yarey 
model  with  the  appropriate  initial  estimations 
the  total  field  can  be  calculated. 

This  is  visualised  in  fig.  6  showing  the  electrical 
field  (vertical  axis)  at  the  ex-anode  as  a  function 
of  time  (0-1  ps)  after  tj  and  gaplength  (30  - 
465  pm)  after  interruption  of  335  A/ps  current. 

For  small  gaps,  dominates  over  Ep^,  whereas 
the  opposite  is  true  for  larger  gaps.  Also,  the 
time  of  ma^dmum  of  Ep^  drifts  further  away  from 
ti  at  longer  gaps;  the  maximum  value  of  E^,^ 
always  occurs  at  half  the  inverse  TRY  frequency, 
in  our  case  230  ns  after  the  start  of  TRY  at  tj. 


Fig.  5:  Measured  and  calculated  post-arc  current 
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The  two  types  of  reignition,  mentioned  in  sect.  2  and  shown  in  fig.  1,  may  now  be  explamed  as  follows: 

immediate  reignition  always  occurs  between  current  zero  and  tj  under  the  influence  of  a  hnear  r^mg  post-arc 
current  i™  =  Sjt  and  negli^ble  voltage  (much  less  than  arc  voltage)  that  decelarates  the  electrons.  Ion 

bombardment  of  the  ex-anode  will  probably  thermally  lead  to  new  cathode  spot  formation. 

delayed  reignition  is  due  to  a  sufficiently  high  field  at  the  ex-anode,  either  caused  by  the  TRV  directly  (E,„)  at 
small  gaps  and  relatively  low  (too  smaU  ip,)  or  by  the  field  due  to  post-arc  current  (Ep,)  at  larger  gaps- 
The  propositions  above  are  verified  indirectly  by  investigating  the 
frequency  of  occurrence  of  each  type  of  reignition  at  vaiying  gap- 
length.  This  is  done  in  a  fixed  vacuum  gap  that  suffers  breakdown  by 
a  65  kV  pulse,  followed  by  a  hf  current  that  is  independent  of  the 
breakdown  voltage^.  The  result  is  given  in  fig.  7,  where  the  fraction  of 
immediate  reignitions  of  the  total  number  of  reignitions  is  plotted 
(CuCr  contactmaterial).  At  smaller  gaps,  in  the  absence  of  a  signffic- 
ant  post-arc  current,  the  large  value  of  causes  delayed  reigmtion, 
while  at  larger  gaps  (with  decreasing  the  increasing  value  of  both 
post-arc  peak  current  Ip^  and  ti  causes  a  more  severe  thermal  stress 
on  the  ex-anode,  more  easily  leading  to  immediate  reignition.  Also, 
the  shift  from  immediate  to  delayed  reigmtion  within  one  series  of 
reignitions  as  in  fig.  1  can  be  explained  by  realising  that  the 
decreasing  di/dt  reduces  the  post-arc  current  thus  releaving  the 
thermal  stress  and  giving  way  for  the  E-field  to  reignite  the  gap. 

5  SUMMARY  AND  CONCLUSIONS 

After  interruption  of  current  with  steep  rate  of  fall,  post-arc  current 
can  be  observed.  The  post-arc  period  is  divided  in  two  time-intervals: 
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Fig.  7:  Fraction  of  immediate  reign,  vs.  gaplength 
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0  <  t  ^  t^:  The  post-arc  plasma  is  a  perfect  conductor,  TRV  can 

not  rise  yet.  Reignition  in  this  period  is  due  to 
thermal  stress  on  the  ex-anode.  The  post-arc  current 

peak  and  the  initial  ion-density  increases  proportional  to  the  gaplength  (up  to  a  satmation  level)  to 
di/dt  prior  to  current  zero  [eq.  (2)].  At  tj  an  ion  space  charge  sheath  starts  to  develop  at  the  ex-anode. 

t  >  tj:  The  ion  sheath  is  sweeping  the  gap,  starting  from  the  ex-anode,  whereby  the  post-arc  current  first 

increases  slightly  before  falling  to  zero  in  less  than  a  ps.  In  this  period,  a  high  electric  field  may  be 
built  up  by  the  sheath  formation,  and  thereafter  by  the  usual  TRV.  At  small  gaps,  the  latter  dominates 
due  to  the  small  initial  ion-density  whereas  at  larger  gaps  the  former  can  more  easily  cause  reigmtion. 
Reignition  in  this  period  is  accompanied  by  a  steep  (up  to  1(X)  kV/ps)  reignition  peak  of  several  kV. 

No  significant  difference  in  post-arc  current  has  been  observed  for  six  different  contact  materials.  Their  different  sensit¬ 
ivity  for  reignition  (e.g.  breakdown  field  strength)  accounts  for  the  different  capability  of  interrupting  high  di/dt  current. 
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ABSTRACT 

The  cathode  spot  formation  within  first  22  ns  was  investigated  by  laser  absorption  photography  and  ps-pulse 
interferometry.  The  discharge  was  initiated  between  W  Ag  -,  AuNi  -,  Pd  -  electrodes  with  cathode-anode  distance 
below  100  pm,  the  arc  duration  was  some  milliseconds  and  arc  current  5A.  A  ps-pulse  holographic  interferometer  and 
momentary  absorption  photography  enabled  us  to  determinate  spatial-temporal  density  distributions  in  the  ignition  phase 
of  the  cathode  spot.  An  absolute  electron  density  value  of  order  of  3  •  10^®  m^^  has  been  determined  indicating  high 
conductivity  values  of  the  metal  vapour  plasma.  Present  measurements  show  that  cathode  spot  plasma  is  essentially  non¬ 
ideal  and  verify  theoretical  calculations  resulting  in  an  ionisation  potential  decrease  in  dense  cathode  plasmas. 


1.  INTRODUCTION 

Many  parameters  of  cathode  spot  plasmas  are  still  controversial,  especially  the  plasma  size.  Whereas  Rakhovskii* 
reports  about  100  pm  as  typical  plasma  radius,  Anders  et  al.  ^  foimd  values  around  10  pm  by  using  spot  imaging  by  laser 
absorption.  Still  smaller  values  (<5pm)  have  been  deduced  in  ref  ^  by  evaluating  Zeeman-splitting  of  Cu-resonance  lines 
in  vacuum.  This  indicates  a  possible  substructure  not  resolved  in  ref.  ^  .  Probably  with  clean  surface  in  ultra  high  vacuum 
the  spot  fragments  remain  too  close  to  each  other  (Ax  <  10  pm)  to  be  optically  resolved.  When  using  oxidised  surfaces 
remaining  crater  distribution  indicates  a  separation  of  fragments.  Thus,  the  study  of  such  surfaces  promises  easier 
detection  of  fragments.  However  the  oxide  layers  will  quickly  be  removed  Ity  the  arcs.  In  air  the  layers  can  be  restored. 
Thus,  for  arcs  in  air  should  facilitate  the  demonstration  of  small  spot  fragments. 

There  is  evidence  that  the  surrounding  air  has  little  influence  on  the  nature  of  the  spot  core:  Zeeman  splitting  is  found 

with  break  arcs ^  in  air  as  well  streak  measurements revealed  high  frequency  fluctuations  of  the  spot  core  (6- lO’’ 
Hz)  as  in  the  case  of  vacuum  arc  spots,  while  the  siurounding  air  region  changed  in  a  slower  time  scale  (e.g.  rotation  with 
lime  constants  of  about  30  ps).  Possible  differences  between  spot  plasmas  in  vacuum  and  air  refer  to  distances  >  100  pm 
from  the  spot  centre  because  of  the  high  vapour  pressure  that  separates  the  spot  core  from  the  surroundings.  Thus, 
investigation  of  spot  fragmentation  in  air  for  distances  <  10  pm  should  be  applicable  also  for  vacuum  arc  spots. 

The  present  paper  reports  an  experimental  study  of  spot  fragmentation  in  air  by  laser  absorption  and  interferometry. 


2.  EXPERIMENTAL 


The  investigated  electrodes  formed  a  point-to-point  gap  of  50-200  pm  .  Materials  were  Pd,  W,  Ag,  AuNi.  The  applied 
voltage  was  30-90  V.  Arcs  with  currents  of  5  A  were  ignited  b>'  focusing  a  DR-laser  beam,  duration  100  ps,  onto  the 
circumforential  surface  of  the  anode.  At  a  preselected  time,  0,1-22  ns  after  ignition,  the  gap  was  illuminated  by  a  second 
laser  beam  for  achievity  absorption  images  and  holographic  interferograms.  Figure  1  shows  the  optical  set-up.  The  laser 
s>'Stem  consisted  of  an  actively  mode-locked  oscillator,  a  single  pulse  selection  unit,  two  amplifiers,  a  generator  for 
producing  the  second  and  third  harmonics,  a  set  elation's  for  extending  the  pulse  durations.  The  laser  operated  with  a 
repetition  frequency  of  10  Hz  or  with  single  shots.  The  ignition  beam  operated  at  the  fimdamental  frequency 
(A.  =  1064  nm) .  With  a  focus  area  of  diameter  <  40  pm  the  maximum  surface  power  density  was  4  •  10**  W  /  m^ . 

The  electrode  system  was  placed  in  one  arm  of  Michelson  interferometer.  When  using  only  one  mirror,  this  arrangement 
was  used  for  producing  absorption  pictures  on  a  CCD  camera.  The  probing  laser  beam  passing  the  interferometer  was 
optically  delayed  with  respect  to  the  ignition  beam  (3  prisms  in  fig.  1).  Spot  imaging  was  achieved  with  a  magnification 
optics  ( X  14)  and  a  10  nm  interference  filter  centred  at  A,  =  532  nm  to  reduce  the  light  emitted  tty  the  spots.  The  CCD 
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inogcs  were  digitised  with  8  bit  depth  with  a  512x512  pixel  frame  .  The  distributions  of  interference  phases  was 
determined  by  a  linear  FFT  algorithm  (analogously  to  the  2D-algorithm  developed  by  Kreis®  ). 


Fig.l.  Optical  set-up:  EL  -  electrodes  configuration;  Nd:YAG  -  laser  system;  L  -  lenses;  M  -  mirrors;  BE  -  beam  expander 
system;  BS  -  beam  splitter  cube;  P  -  prisms;  MS  -  magnification  system;  IF  -  interference  filter;  CCD  -  camera;  PC  - 
automatic  image  processing. 


3.  RESULTS 


Fig.  2  shows  a  combined  interference  and  absorption  image  of  the  anodic  trigger  plasma.  It  exhibits  large  absorption 
structure  with  a  size  «  200  pm,  showing  discernible  shifts  of  interference  fringes  in  the  centre.  The  peculiarities  and 

properties  of  such  laser  induced  plasmas  should  be  discussed  in  a  forthcoming  paper  *  .  By  means  of  this  plasma  it  was 
easy  to  ignite  anode  spots,  whereas  the  probability  for  production  of  cathode  spots  was  <  1.  In  the  case  of  occurrence  of 
cathode  spots  an  internal  structure  could  be  observed.  Fig.  3  gives  an  example  for  a  Pd  -  cathode.  The  conditions  of  this 
picture  were:  current  5  A,  exposure  time  100  ps,  time  elapsed  after  igmtion  9, 1  ns.  The  overall  spot  size  amounts  to  about 
20  pm  .  It  exhibits  internal  fragments  with  a  diameter  <  5  pm.  This  can  clearly  be  seen  in  the  line  scan  though  the  spot 
shown  in  fig.  4.  In  fig.  3  some  fringes  around  the  spot  indicate  the  shock  wave  produced  in  the  surrounding  air  by  the  spot 
plasma. 
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Electron  Density  Distribution 


a). 


b). 


Fig.  2.  a).  Hologragraphicinterferogramofthe  laser  induced  plasma  2.2  ns  after  the  ignition  laser  pulse,  b).  Electron 

density  distribution  corresponding  to  this  interferogram 


Fig.  3,  Absorption  photograph  of  the  cathode  spot  plasma  9.1  ns  after  ER  -  laser  pulse  ignition . 
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Transmission  profile 


Fig.  4.  Transmission  scanning  profile  through  the  absorption  picture,  the  pointers  show  the  dimensions  of  the  fragments 

in  cathode  spots 


4.  DISCUSSION 

Fig.  3  and  4  yield  direct  evidence  for  the  fact  that  the  small  plasma  structures  of  a  metal  vapour  spot  (<  20  pm)  can 
consist  of  an  agglomerate  of  still  small  fragments  ( <  5  pm).  From  the  absorption  coefficient  of  the  whole  plasma  a  mean 

electron  density  >  3  10“  m"^  and  a  current  density  >  10“  A/m^  can  be  estimated  (compare  ret^  ).  Within  the 
fragments,  the  density  must  be  ^10^^  m~^  and  the  current  density  >10'^A/m^  .  The  latter  explains  the  Zeeman 

splitting  observed  in  ref.^  .  Probably,  the  occurrence  of  shock  wave  strings  (fig.  3)  was  possible  only  by  our  short 
exposure  time.  During  this  time  the  plasma  ejqjanding  with  a  velocity  of  10  -  20  km/s  covers  a  distance  of  1  -2  pm, 
sufficiently  small  to  preserve  the  fringe  structure.  These  will  disappear  with  larger  ejqwsures.  It  might  also  be  that 
exposure  times  >  1 . 1  ns  (as  in  ref  ^  )  are  not  sufficient  to  resolve  internal  fragments  because  of  the  plasma  expansion. 
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ABSTRACT 

Computer  calculation  of  pure  metal  film  thickness  distribution.using  vacuum  arc  deposition  technique, 
is  presented  in  this  paper.  For  random  arc  with  a  lower  arc  current,a  model  of  single  cathode  spot  with 
ion  beam  flux  taking  into  account  the  cosine  function  spatial  distribution  is  deduced.  For  arc  steered  by 
an  external  magnetic  field, which  is  parallel  to  the  cathode  Burface,a  multiple  cathode  spots  model  is 
developed.  And,  in  the  case  of  random  arc,calculation  comparision  between  static  substrate  and  noting 
substrate  is  made.  Results  Bhowthat,film  thickness  distribution  is  non-  uniform  when  the  arc  is  not 
controlled  and  tends  to  be  uniform  when  the  arc  is  steered  by  external  parallel  magnetic  field  with 
cathode  geometry  and  substrate  location  being  well  choosed,  Also,film  thickness  distribution  is  more 
uniform  on  a  rotating  substrate  than  on  a  static  substrate. 

1.INTRODUCTION 


Recently,vacuum  arc  deposition  technique  has  been  vndely  used  as  an  efficient  methode  of  metal  si^ace 
modification  both  in  laboratory  and  in  industrial  use.  It  has  many  advantages  over  other  deposition 
methodes,Buch  as  high  ionization,high  energy  and  fast  deposition  rate.'^'"'* 

Film  irViirkmw  is  one  of  the  key  points  to  film  properties, which  effects  directly  on  the  modification 
efficience.  Few  papers  about  theoretical  analysis  on  film  thickness  distribution  in  this  field  were  found 
than  that  in  the  field  of  vacuum  evaporation.  The  difficulty  is  the  complication  of  determining  the  ion 
current  spatial  distribution  in  the  plasma  beam,partlcularly  in  the  case  of  steered  arc.  Boxman  et  al.,* 
developed  an  approximate  model  to  calculate  the  film  deposition  rate,taking  into  account  the  ion  current 
with  the  function  spatial  distribution.  For  steered  arc,  magnetic  field  influence  on  cathode  s^ 

dlBtribution,motion,propgation  and  collimation  of  the  plaBma,makeB  it  difficult  to  determine  the  ion 
current  distribution  accurately. 

In  the  present  work,  a  simple  model  is  employed  to  calculate  the  film  thickness  distribution  on  the 
subBtrate,both  for  random  and  steered  arc.  The  calculation  is  based  on  the  deposition  configuration  as 
shown  in  Fig.l,  It  consists  of  a  circular.planar  source  cathode,  and  an  aperture  anode  being  coplanar 
with  the  cathode  surface.  The  substrate  is  located  outside  the  interelectrode  region  and  the  deposited 
material  is  conveyed  to  it  by  an  ion  beam  extracted  from  the  arc.  Before  the  calculation,Bome  presumption 
are  made; 

a.  No  collison  between  metal  ions  and  remaining  gas  molecles  exists, 

b.  No  second  emission  on  substrate  surface. 

c.  Only  pure  metal  film  of  cathode  material  are  deposited. 

2.  CALCULATION  MODEL 


2.1.  Random  arc  deposition 


Random  arc  is  characterized  by  cathode  spots  move  randomly  on  tlw  cathode  surface.®  In  the  case  that 
arc  current  is  less  than  100A,only  one  cathode  spot  existe.’Close  to  the  cathode  spot, we  are  faced  with 
a  strong  vapor  ny»d  plnama  jet  and  with  extremely  high  current  density.®As  shown  in  Fig.  1,  there  is  a 
current  -carrying  plasma  channel  of  current  density  line  between  the  cathode  spot  crate  and  somewhere 
on  the  anode  surface.  In  plasma  jet,ion  current  component  Ii  may  be  given  by* 
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L=n  (1) 

When  I  is  the  arc  cumnt,  f  ie  a  constant  ranging  from  0.07  to  0.12,depending  on  the  cathode  material. 
The  ion  current  density  from  cathode  spot  jet,  has  a  cosine  function  angular  distribution 

^Icn 

JSG)  =  -^  (2) 

‘  2nl 

When  e  is  the  solid  angle  from  cathode  spot  to  point  B,on  the  substrate  surface,  1  is  the  distance 
between  cathode  spot  and  point  B.  Ji(0)  means  the  ions  going  into  the  solid  angle.  In  unit  time,  the 
film  thickness  on  point  B  is  given  by 

J.(e)Mxos<x 

gZp 

When  Z  is  the  average  d^ree  of  ionization  of  the  ions,  p  is  the  filmdensity.  Mi  is  the  mass  of  the 
cathode  material  ion.  And  the  relation  between  the  geometry  parameters  an 

cos9  =  cosa  —  y 

i 

_  «) 

When  X  is  the  distance  between  point  B  and  the  source  point  of  substrate,  (o ) 

Combining  equation  (2),(3),(4),and  (6)  film  thickness  Dx  is  given  by 


ilcosO  •  M .  •  cosa 


D  = 

X 


^  p.Zp  •  2nl 

When  x-o,film  thickness  on  point  O  is 


MJI  ^ 
2neZp 


M.U 


^-  ^0  ineZp' 


Then,film  thickness  distribution  on  the  substrate  is  given  by 


2  2.2 

{h  +x  ) 


Fig.l  Configuration  for  random  arc  deposion 
l.Substrate  2.Ion  beam  channel 
3.Discharge  channel  4.Cathdde 


Fig.2  Calculation  of  rotating  substrate 
l.SubBtrate  2.Circuling  axle  3.Cathode 
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2.2,  Rotating  gubgtrate  depoeition 


If  the  substrate  can  circule  arotind  the  central-axle,a8  shown  in  Fig.2,the  film  thickness  distribution 
baaed  on  random  arc  deposition  can  be  given  by 

j)  —  2xycos<^) 

X  0  _ 

n  ~~  '•2*  / 1  2  2.  -2  , . 

■^0  Jg  (/l  +  J'  ) 

Where  y  is  the  distance  between  cathode  spot  and  the  source  point  of  cathode  plate.(o) 

2.3.  Steered  arc  depoeition 


^'Steered  arc*  was  first  introduced  in  an  international  patent.^  It  means  that,  on  the  influence  of 
external  magnetic  field  being  parallelto  the  cathode  surface,  cathode  spot  was  controlled  to  move 
according  to  the  direction  of  -JxB(i.e.retr<^[rade).  For  the  reason  of  high  velocity  and  short  lifetime 
of  the  cathode  spot, we  can  consider  that  cathode  spots  exist  continually  along  a  certain  circumference 
and  form  a  cathode  spots  ring  on  the  cathode  surface.  At  the  mean  time,  cathode  spots  ring  shrink  and 
expanse.  So,it  seems  that  cathode  spots  distribute  on  all  of  the  cathode  surface. 

As  shown  in  Fig.3,  A  is  a  point  on  cathode  surface,  B  is  a  point  on  substrate  surface.  Projecting 
point  B  on  X-Y  plane,  projective  point  is  B'.  x  is  the  distance  between  B'  and  Y-axle.  h  is  the  distance 
betweenB  and  B'.  Then,  the  distance  between  A  and  B  is  1. 

,2  2  2  2  -  , 

/  =  /  /  +  r  +  .X  —  2xrcos<D  (10) 

Where  r  is  the  radius  of  the  ring,  where  point  A  is  on.  O  is  the  angular  oorrdinate  of  point  A. 

Summing  aU  the  fluxes  from  each  cathode  spot  jets,the  ion  current  flux  in  solid  angle  8  is 


The  film  thickness  distribution  is 


(11) 


-Ixrcos^)  +  r^)  “ 


Fig.3  Calculation  of  steered  arc  deposition  LSubetrate  2.Cathode  spots  ring  3.Catbode 


3.  RESULTS  AND  DISCUSSION 

Calculation  results  are  shown  in  Fig.4,  by  usit^  the  former  model.  In  Fig.4a,  a  comparision  of 
thickness  distribution  between  static  and  rotating  substrate  is  made  in  random  arc  depoeition.  From  the 
comparision, we  can  see  there  is  a  more  uniform  film  thickness  distribution  on  a  rotating  substrate  than 
that  on  a  static  substrate.For  the  reason  of  the  randomity,  cathode  spot  is  not  in  the  source  poiont  of 
cathode  plane.  The  film  thickness  distribution  is  less  uniform  than  the  calculation  curve  1  in  Fig.4a.In 
Fig,4b,film  thickness  distribution  of  steered  arc  depoeition  with  different  cathode  geometry  and 
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Bubetrate  location  are  made. When  the  ratio  of  eubetrate  location(h)  and  cathode  radius  (  H)  is  well 
chooeeH,an  more  uniform  film  thickness  distribution  can  be  got.  According  to  the  calculation,  the  best 
ratio  is  h/I^>2.  In  Fig.4c,comparision  between  random  and  steered  arc  deposition  with  different  substrate 
location  is  made.  There  are  a  little  difference  between  the  two  conditions.  When  the  distance  between 
substrate  and  cathode  surface  is  more  than  a  certain  value,  the  difference  does  not  exist.  However,  for 
the  randomity  of  the  cathode  spot  in  random  arc  deposition,  film  thickness  distribution  of  steered  arc 
deposition  is  a  little  more  uniform  than  that  of  random  arc  deposition. 


a.  Comparlsion  between  static  and  rotating  substrate  l.Static  substrate  2.Rotating  substrate 

b.  Filmthickness  distribution  of  steered  arc  deposition  l.h/H>^  2.h/B»4  3.h/It«3  4.h/R»2 

c.  Comparision  between  random  and  steered  arc  deposition 


4.CX)NCLUSION 

a.  In  random  arc  deposition,  film  thickness  distribution  with  a  rotating  substrate  is  much  more 
uniform  than  that  with  a  static  substrate. 

b.  In  steered  arc  deposition,  the  ratio  between  substrate  location  and  cathode  radius  is  important  to 
the  film  thickness  distribution.  When  the  ratio  is  well  chooeed  ,  an  more  uniform  film  thickness 
distribution  can  be  got. 

c.  In  general,the  film  thickneas  distribution  provided  by  steered  arc  is  a  little  more  uniform  than 
that  by  random  arc. 
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ABSTRACT 

Characterization  of  the  cathode  spot,  which  connect  to  a  vacuum  dc  arc  on  a  consumable 
source  of  material  for  depoeition,i8  studied  using  high  speed  photc^aph  technique.  For 
cathode.extemal  magnetic  field  affection  on  the  behavior  of  the  cathode  spot  is  given  with 
number,eize,and  motion.  Lastly  .some  discussion  to  the  experimwital  results  are  presented. 

1.  INTRODUCTION 

In  the  present  work,we  study  on  a  kind  of  vacuum  arc  ion  source  used  for  hard  film  deposition,  which 
employs  a  high  current  and  low-voltage  dc  arc  on  a  consumable  cathode  in  a  vacuum  as  an  ion  source  of 
material  for  depoeition.  The  extracted  ions  from  the  source  have  the  energy  of  up  to  several  hundred  ev 
and  the  charge  states  about  2+,reB|)ectively.^'~*  For  the  reason  of  it^e  manifest  virtues,  including  high 
density  .high  adhesion  and  fast  depoeition  rate,in  the  last  decade,  this  source  has  been  commercially 
employed  for  produing  coatings  on  the  surface  of  machine  cutting  tools  with  metal  nitrides  to  extend 
their  lifetime.  The  typical  coatings  are  the  wear  resistant  coatings  of  TiN  and  TiC. 

Vacum  arc  plasma  has  been  researched  deeply  in  the  field  of  high  power  switching.*  In  which,  vacuum 
arc  discharge  is  typically  characterized  by  cathode  spots,  which  are  usually  highly  unstable  and  jump 
statisticaly  over  the  cathode  surface.  In  a  magnetic  field  being  parallel  to  the  cathode  surface,  the 
cathode  spots  move  in  the  retrograde  direction,i.e., opposite  to  the  Amper  rule.  **“  *  The  spots  eject 
electrons  and  metal  vapor  of  cathode  material  extensively.  The  curent  density  in  the  spot  is  in  the 
range  from  10“  A/m“  to  10“  A/m*or  even  more,  depending  on  different  theoretical  models  andexperimental 
result8.'^'®*“  The  velocity  of  cathode  spot  motion  is  about  1—10  m/s  in  random  arc*  and  several  hundred 
m/s  in  external  magnetic  field  steered  arc.®  The  mean  lifetime  of  the  cathode  spot  is  in  the  range  of  10“® 
-ia-*s.“-“ 

In  this  paper,  we  concentrate  our  attention  on  the  design  of  the  vacuum  arc  ion  source  used  for  film 
deposition,  the  characterization  of  the  cathode  spot  observed  by  high  speed  photograph  camera. 

2.  EXPERIMENTAL  ARRANGEMENT 


cathode  as  a 
a  titanium 
respect  to 


An  outline  of  the  source  is  shown  in  Fig.l.  It  is  composed  of  a  water  cooled,  circular,  planar  source 
cathode,an  aperture  anode,  in  one  limitting  caBe,being  coplanar  with  the  cathode,an  external  permanent 
magnent  behind  the  cathode  and  a  shield  around  the  outside  circumference  of  the  cathode. 

When  a  high  current,low  voltage  electrical  discharge  is  ignited  by  a  mechanical  trigger  in  a  vacuum,  a 
substantial  portion  of  the  conducting  medium  consists  ionized  cathode  material  generated  at  minute 
highly  Itiminous  regions  of  high  current  density  on  cathode  surface  known  as  cathode  spots.  Each  cathode 
spot  produces  a  high  velocity  jet  of  hot  concentrated  plasma  expanding  away  from  the  minute  ionization 
zone  adjacent  to  the  cathode  spot  into  the  surrotinding  vacuum.  The  aperture  anode  is  uesd  as  an  ion  beam 
extractor  here.  The  energy  of  the  extracted  ions  are  in  the  range  20— 180ev,for  a  variety  of  cathode 
materials.  Multiple  ionization  are  common,except  for  graphite  and  high  vapor  pressure  cathode  materials. 

For  example,in  a  titanium  arc  in  thiswork,ion  energy  is  76ev,67%  of  the  ion  flux  is  doubly  ionized,0%  is 
triply  ionized,and  average  charge  state  is  1.78.  The  external  magnetic  field  presented  by  the 
permanent  magnet  includes  transverse  and  axial  component  near  cathode  eurface.The  transverse  component 
will  lead  the  high  velocity  retrograde  motion  of  the  cathode  spot,  and  an  uniform  erosion  of  the  cathode 
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surface  can  be  achieved.The  axial  component  can  collimate  the  plasma  jets  along  the  axial  direction,  "^e 
position  of  the  magnet  can  be  regulated  by  the  regulation  pQle,thu8,the  distribution  of  the  magnetic 
field  can  be  regulated.  The  surrounding  shield  is  used  to  avoid  the  cathode  spot  generating  on  the  out 
aide  circumference  of  the  cathode. 

The  schematic  of  the  experimental  arrangement  is  shown  in  Fig.  2.  The  source  is  attached  to  and 
injecting  into  a  60-cm-high,46-cm-diam  vacuum  chamber  which  is  pumped  to  a  prereure  in  the  10“’^  Pa  range 
A  high  speed  film  scanning  camera  with  a  rotary  drum  and  a  rotary  exposure  jdate  is  arranged  behind  the 
observation  window, which  is  faced  to  the  cathode  surface  of  the  source.  The  rotary  speed  of  the  drum  is 
2820r/min,and  of  the  exposure  plate  is  600r/min. 


Fig.l  Outline  of  the  vacuum  arc  ion  source 


Chamber 

"Observation 


Arc  ion  source  window 


Pump 

Fig.2  Schematic  of  experimental  arrangement 


3.EXPERIMENTAL  RESULTS 


Some  experimental  results  are  presented  in  this  8ection,firBt,the  characterization  of  the  cathode  spot, 
in  the  process  of  TiN  film  deposition,with  arc  current  76A,  at  the  presstire  of  l,33xiO“^'^5.32Pa. 

A  series  of  regular  camera  photographs  of  different  exposure  time  is  shown  in  Fig.3.  In  most  caBee,arc 
current  is  concentrated  in  one  cathode  spot, which  covers  a  tract  of  luminous  region.  However,  multiple 
cathode  spots  existing  at  the  same  time  are  also  observed  under  the  same  arc  condition.In  this  case,  the 
luminous  region  is  divided  into  two  or  more  smaller  luminous  r^on.  When  only  one  cathode  spot  edsts, 
the  spot  is  a  few  nulimeters  in  size,and  the  appraised  current  density  is  about  4x10° A/m'”. 

When  the  spot  divides  into  two  or  more  spots,  the  size  of  each  spot  tends  to  be  smaller.  If  the  arc 
current  takes  into  account  the  average  distribution  in  each  spot,the  appraised  current  density  ineach 
spot  is  about  3xl0°^10‘^A/m“. 


Exposure  time .  1  /  3  0  OS  Exposure  time :  1  /  6  0  OS  Exposure  time :  1  / 1 0  0  OS 

50mm 


Fig.3  R^pilar  camera  photographs  of  cathode  spot 
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A  eeriee  of  high  speed  camera  photographs  imder  different  external  magnetic  field  is  shown  in  Fig.  4. 
The  exposure  time  is  6uB,the  timebetween  each  frame  is  SOus. 


SOmm 


Fig.4  High  speed  camera  photographs  of  cathode  epot(expoeure  time  6tis,  eOus  per  frame) 


Each  frame  shows  the  development  of  cathode  spot  during  the  spot  lifetime  period.  At  the  l^ni^  of 
the  period,  cathode  spot  is  concentrated  in  one  most  luminous  region,which  is  about  Smm  in  Bixe.With  time 
gning  on,the  region  desperses  into  two  or  more  lees  luminous  regions,which  are  0.6— 1mm  in  siae.  Then, 
two  or  more  luminous  spots  developing  channel  create,and  each  channel  has  a  number  of  burrs  on  both  side, 
i.e.,the  despersed  spots  continue  to  despor8e.Last,the  luminous  channel  tend  to  be  dark  gradually,  and 
spots  tend  to  disappear.However,a  few  micro-seconds  later,a  now  cathode  spot  will  generate  at  another 
place  on  the  cathode  surface.  The  average  lifetime  of  each  cathode  spot  is  about  2u8,  derived  from  the 
photographs.  The  current  density  in  each  spot  and  the  velocity  of  the  spot  motion  change  with  the 
magnetic  field.  The  relation  between  each  other  are  shown  in  Fig.6. 


Fig.6  Relation  between  magnetic  field 


0  10  20  30  40  50 

Magneticfield  (  lO^'^T) 

current  density,  velocity  of  cathode  spot 
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4.DISCUSSI0N 


The  cuirent  density  of  cathode  spot  has  been  determined  b}^  two  kind  of  means.  One  way  is  by  determining 
the  size  of  the  crate  on  cathode  surface  after  arcing.  Another  way  is  determining  the  size  of  cathode 
spot  during  arcing, which  is  used  in  the  present  work.  For  the  crate  may  be  caused  not  only  by  cathode 
spot,  but  also  by  metal  droplet  ejection,the  current  density  determined  by  the  former  way  is  less  than 
the  real  value. 

However,the  problem  of  being  difficult  to  determine  the  boundary  between  luminous  region  and  dark 
region,  is  also  raised  in  the  later  way.  For  example,  the  current  density  derived  from  Fig.  3  is  quite 
different  from  that  from  Fig.4.  In  Fig.3,there  is  a  luminoueest  center  in  cathode  spot  luminous  region. 

The  size  of  the  center  is  difficult  to  be  determined,so  the  whole  luminous  region  is  taken  as  the  size 
of  cathode  spo  t.  In  Fig.4,the  boundary  is  more  clear  and  the  sise  of  qxit  is  easy  to  be  determined. 

6.  CONCLUSION 


According  to  the  experimental  results,  we  can  draw  conclusion  as  follow.  With  the  enhanoeme^  of 
tranverse  magnetic  field,the  number  of  cathode  spots  increase,the  sise  of  cathode  sp^  ^  to  be 
BmaUer,tlM  current  density  in  each  cathode  spot  increase,  and  the  velocity  of  cathode  spots  motkm 

increase. 
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ABSTRACT 


The  shield  current  distribution  in  a  vacuum  arcs  between  CuCr40  contacts  was  studied  by  means  of  three  cylindrical 
shields  arrangement.  It  was  found  that  the  total  shield  current  is  affected  by  the  arc  mode.  For  a  high-voltage  oscillation 
sequence  a  significant  effect  on  shield  current  distribution  has  an  anode  plasma  jet.  Then  a  great  increase  of  the  shield 
current  is  observed  and  the  ratio  of  shield  current  to  arc  current  was  even  more  than  20%. 

1.  INTRODUCTION 


The  most  investigations  of  shield  ion  currents  were  so  far  carried  out  for  dc  diflftise  vacuum  arc,  usually  at  long 
arcing  time  [1-3].  Relatively  little  part  of  measurements  of  the  ion  current  has  been  made  at  higher  alternating  currents  [4]. 
Kimblin  [5]  found  that  for  moderate  dc  arc  current  the  anode  ion  flux  is  a  linear  fimction  of  arc  current,  and  the  anode  ion 
flux  starts  from  zero  at  the  critical  current  for  anode  spot  formation.  There  is  a  plausible  necessity  to  study  the  behaviour  of 
shield  current  in  high-current  arcs,  especially  in  the  range  where  a  transition  from  diffuse  to  constricted  arc  mode  occurs. 

In  this  paper  we  present  the  values,  dynamic  and  behaviour  of  these  currents  measured  at  the  metal  shields 
surrounding  the  arc  electrodes. 

The  behaviour  of  the  arcs  with  the  active  anode  is  investigated  by  measuring:  the  total  shield  ion  current  (ij),  the 
component  currents  flowing  to  three  segments  (upper  -  ij^,  central  -  ij^  and  bottom  -  ijjj)  of  the  metal  shield  connected  to  the 
cathode  potential ,  the  are  voltage  (u^)  and  the  floating  shield  potentii  (Ug). 

2.  EXPERIMENTAL  APPARATUS  AND  METHOD 


The  measurements  of  currents  collected  at  the  metal  shield  in  the  ac  vacuum  arcs  have  been  carried  out  for  a 
sinusoidal  arc  current  with  peak  value  (lam)  2,5-4-6kA  and  with  a  half-cycle  of  900Hz  and  150Hz  (semiwave  duration  of 
0,55ms  and  3,33ms  respectively).  The  electrodes  were  made  from  Cu60Cr40  and  spaced  10mm  apart  in  a  plane  of  butt 
contact  geometiy  (anode  was  30mm  in  diameter,  cathode  of  50mm  with  150mm  radius  of  curvature).  Three-elements 
cylindrical  vapour  shield  with  an  inner  diameter  of  100mm  were  made  from  stainless  steel.  The  base  of  central  shield  of 
43  mm  height  was  situated  in  the  cathode  plane.  The  upper  and  bottom  shields,  each  of  90mm  height  were  insulated  from  the 
central  shield  and  each  other  by  1mm  distance. 
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Fig,  2.  Waveforms  of  arc  current  (i^),  total  shield  current 
(ip,  arc  voltage  (u^)  and  current  of  central  (i^^),  upper 
Oiu  ^  bottom  (ip^  )  shield,  for  arc  current  crest  2,5kA 
and  fr900Hz,  Scale:  i^-600A/div;  ip50A/div;  and 
iih-40A/div;  u^-20V/div 


Fig,  J,  Circuit  schematic  for  shield  current  measurements, 
VFdemontable  vacuum  chamber;  TRG-trigatron;  IVG- 
generator  of  ignition  voltages;  VS-vacuum  interrupter; 
SC-contactor;  CP-current  probe;  Sh-coaxial  current 
shunt;  VD-voltage  divider;  u,c,b-shields 


0-8194A58U2l94f$6,00 
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The  test  circuit  is  shown  in  Fig.  1.  The  source  of  current  was  the  oscillating  circuit  Cj,  Lj.  An  additional  branch  Cq, 
Rq,  sc  and  VS  was  applied  in  order  to  produce  preliminary  discharge  of  direct  current  in  the  testing  vacuum  chamber  VI. 
The  flow  of  dc  current  started  at  the  moment  of  closing  the  contactor  SC.  The  separation  of  contacts  in  the  interrupters  VS 
and  VI  caused  the  ignition  of  an  arc  in  them.  When  the  contact  gap  of  VI  reached  the  required  length,  the  trigatron  TRG 
was  ignited  and  then  a  sinusoidal  current  was  superposed  on  the  current  flowing  from  the  circuit  of  C^,  Lj.  The  preliminary 
current  at  the  time  of  TRG  ignition  was  lOA,  therefore  it  created  an  arc  with  single  cathode  spot. 

3.  RESULTS  OF  INVESTIGATIONS  AND  ANALYSIS 

Fig.2  shows  typical  example  of  waveforms  of  ion  currents  ij,  ijy,  iji)>  arc  voltage  u^  for  arc  current  crest 
I^=2.5kA  at  the  current  frequency  f^900Hz.  The  ratio  ij/i^  and  u^  as  a  function  of  time  is  shown  in  Fig,3.  We  can  conclude 
from  the  carried  out  measurements  the  following  features  or  properties: 

-  Currents  ij  and  ij^  are  almost  symmetrical  with  a  small  oscillation  level.  The  ratio  ij/i^  for  ig=2.5kA  is  included  in  the 
range  from  6.8%  to  9. 1%.  The  average  value  of  ij/ig  rises  with  the  increase  of  i^  from  4.6%  at  0.5kA  to  7.7%  at  2.5kA, 

-  At  the  initial  period,  the  current  ij^  has  the  values  close  to  ij^.  The  ratio  iju^iic  ia=2.5kA  is  included  in  the  range  from 
0.4  to  0.6.  The  clear  asymmetry  of  ij^  is  a  result  of  spot  random  distribution  on  the  cathode  surface. 

-  The  ratio  ijjj/ij  is  small  and  is  equal  to  a  few  percent  for  ig=2.5kA.  Current  ij^  appears  with  a  delay  of  about  I00|j.s. 

-  Arc  voltage  is  asynunetrical  taking  higher  values  during  the  current  increase. 

-  Floating  shield  potential  differs  slightly  from  arc  voltage. 

-  Currents  flowing  to  the  shield  during  arc  burning  are  ion  currents. 

Similar  measurements  were  made  for  I^jjj=4.0kA  and  f=900Hz.  Figures  4-7  show  currents  at  the  shields,  voltages 
and  the  results  of  calculation.  From  the  obtained  results  we  can  conclude  that: 

-  After  initiating  a  large  voltage  arc  oscillations,  the  high-amplitude  oscillations  appear  in  currents  collected  by  the  shield. 
These  oscillations  start  at  ia=3.2kA  -  3.6kA  and  thereafter,  they  collapse  at  i3«3kA  after  the  current  crest. 

-  The  ratio  of  ij/i^  increases  with  current  i^. 

-  Current  ij^.  is  in  the  shape  similar  to  the  total  ion  current  ij  (Fig.4  and  5). 

-  Current  ijjj  appears  with  a  delay  of  about  lOOjxs  and  rises  quietly  until  the  large  oscillations  in  arc  voltage  are  developed.  At 
that  moment  a  large  oscillations  in  ijj^  begin.  For  i^=4.0kA  the  ratio  ij[)/ijc  is  included  in  the  range  from  0.5  to  0.7. 

-  In  the  initial  period,  the  current  ijy  is  close  to  value  of  ij^  and  then  reaches  its  crest  value  after  IIOps  -  I40|is  (before  the 
beginning  of  high  oscillations  in  u^). 

-  During  these  oscillations,  the  current  is  of  small  values  (iju/ijc<0.1).  (A  similar  interrelation  between  ij^  and  ij^  was 
found  also  at  I50Hz  -  see  Fig.6). 

From  comparison  of  results  obtained  for  current  frequencies  of  900Hz  and  150Hz  at  the  arc-current  crest  value  of 
4kA,  we  can  also  ascertain  that  during  the  current  increase,  the  higher  value  of  ij/i^  and  u^  will  occur  for  frequency  of  900Hz 
(see  Fig.7). 

Shapes  and  values  of  the  measured  shield  currents  are  considerably  varied  in  successive  trials  of  the  same 
parameters.  For  example,  for  f=900Hz  and  I^=4.0kA,  the  ratio  ij/i^  near  the  current  crest  value  is  included  in  the  range  of 
9.2^15.4  percent.  This  variety  is  caused  by  many  factors  including:  the  cathode  spots  position  in  the  preliminary  discharge  at 


Fig,  3.  The  ratio  of  i/i^^  (o)  and  arc  voltage  (A)  versus 
time  for  l^^=2,5kA  and  f=900Hz 


Fig4,  Waveforms  of  shield  curent  (ij  ),  arc  voltage  (u^  ) 
and  floating  shield  potential  (u^  )  for  l^y^=4.0kA  and 
f=900Hz,  Scale:  ij-125A/div;  and  u^-SOV/div 


220/SPIE  Vol.  2259 


Fig,  5,  Waveforms  of  shield  currents  ij^,  ij^  and  ij^  for 
^^df=900Hz,  Current  scale:  75A/div 


Fig.  6.  Waveforms  of  shield  currents  ij^  and  for 
ondf=}50Hz.  Current  scale:  50A/div 


Fig.  7.  The  ratio  of  ifi^  (o.  A)  and  mean  arc  voltage  (•,A) 
for  instantaneous  values  of  arc  current  during  the  current 
increase  and  decrease.  Current  frequency  of 900Hz  (o,  •) 
and  150Hz  (A,  A).Arc  current  crest  4.0kA 


Fig.  8.  Typical  arc  voltage  (u^  )  and  current  shield  (ij  ) 
waveforms  for  I ^^^6.0kA  andf^900Hz.  I  II,  III  and  IV - 
regions.  Scale:  ij-400A/div,  u^-40V/div 


the  moment  when  the  high-current  semiwave  starts,  the  dynamics  of  generation  and  expansion  of  new  cathode  spots,  the 
distribution  of  active  points  on  the  anode  from  which  evaporation  takes  place,  and  spatial  distribution  of  anode  ion  fluxes. 

The  increase  of  shield  currents  during  high  oscillations  of  arc  voltage  is  caused  mainly  by  anode  ion  formation  after 
the  anode  thermal  activation.  The  possibility  of  occurrence  of  this  effect  increases  with  the  anode  voltage  drop,  which  can 
be  deduced  from  comparison  the  waveform  of  arc  voltage  with  floating  shield  potential  -  see  Fig.4. 

We  supposed  that  for  4kA  arcs,  the  analyzed  currents  collected  by  the  shields  are  generated  mainly  as  a  result  of 
positive  ion  flux  flow. 

For  greater  arc  currents,  the  characteristics  of  shield  currents  and  arc  voltage  will  be  performed  on  the  basis  of 
measurements  carried  out  for  I^jj^=6kA  and  f=900Hz.  The  obtained  results  and  oscillograms  are  shown  in  Fig.8^10.  In  the 
waveforms  of  shield  current  and  arc  voltage,  we  can  distinguish  four  characteristic  regions,  which  are  essential  from  the 
point  of  view  of  the  specific  properties  and  essence  of  the  shield  currents.  These  Regions  are  shown  in  Fig.  8,  and  they  also 
occur  for  currents  greater  than  6kA. 

Resion  I 

In  this  Region,  there  is  an  oscillationless  shield  current  rises  with  the  arc  current  i^,  until  about  4kA  arc  current  will 
be  reached.  The  average  values  of  ij/i^  increase  from  6.6%  at  ig=lkA  to  14.9%  at  i^=AkA.  The  average  arc  voltage  changes 
from  about  17  V  at  the  moment  of  current  flow  initiation,  to  68  V  at  i^=4kA  (Fig.  9).  At  the  initial  period,  there  is  a  rapid  arc 
voltage  increase  with  small  oscillation  amplitudes.  In  a  later  period,  this  increase  is  slower  with  a  moderate  increase  of  high- 
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frequency  oscillations.  In  the  whole  Region  I,  there  is  a  small  difference  between  arc  voltage  and  floating  shield  potential  Ug 
(Fig.  9).  In  the  final  phase  of  this  Region,  the  upper  shield  current  and  its  floating  potential  begin  to  decrease.  This  effect  is 
caused  by  a  retarding  action  on  the  cathode  ions  of  already  quite  high  anode  potential.  The  change  of  cathode  ion  trajectories 
and  the  initiation  of  anode  ion  generation  is  one  of  the  reasons  of  a  higher  increase  of  currents  ij^>  and  ij^  in  the  final  phase 
of  Region  I.  There  are  experimental  evidences  to  state  that  the  measured  shield  currents  are  the  ion  currents. 

Resion  II 

The  shield  current  typically  contain  a  sequence  of  oscillations,  similar  to  those  which  appear  near  the  arc-current 
crest  of  Iajn=4.0kA.  Their  existing  time  is  in  the  range  of  tenths  microseconds.  In  arc  voltage,  there  also  appear  oscillations 
of  high  amplitude  and  frequency,  at  a  small  increase  of  its  base  value.  Such  a  behaviour  of  arc  voltage  results  from  positive 
ion  starvation  in  the  anode  Region.  The  voltage  increase  must  cover  a  large  energy  losses  in  the  plasma,  and  force  the  flow  of 
charged  carriers  between  the  electrodes  with  an  increasing  circuit  current.  The  needs  to  generate  an  increased  amount  of 
charged  carriers  result  from  large  dispersion  of  positive  ions  to  the  space  surrounding  the  contact  gap.  It  can  be  assumed  that 
also  in  this  Region,  the  currents  collected  by  the  shields  are  generated  by  positive  ion  flow. 

Resion  111 

In  this  Region,  a  large  and  fast  changes  of  shield  current  are  observed  (Fig,8).  It  is  characterized  quantitatively  by 
the  ratio  of  ij/i^  shown  in  Fig.  10.  It  results  from  the  obtained  data,  that  in  Region  III,  the  ratio  ij/i^  usually  exceeds  value  of 
0.2.  At  i^=6.0kA  the  values  of  ij/i^  are  included  in  the  range  from  22%  to  37%.  Current  ij  flows  mainly  to  the  central  and 
bottom  shields.  Upper  shield  cuirent  is  small  (for  i^=6.0kA  and  iy/ij<0.05). 

In  arc  voltage,  it  is  observed  a  rapid  or  even  abrupt  increase  of  the  mean  arc  voltage  value  of  about  40  V,  and  high- 
frequency  oscillations  are  still  relatively  large.  After  exceeding  the  arc-current  crest,  the  mean  value  of  arc  voltage 
systematically  decreases  and  its  high-amplitude  oscillations  disappear  at  current  of  4kA. 

Large  increases  in  arc  voltage  in  Region  III  should  be  located  mainly  across  the  anode  voltage  drop  region.  This 
results  from  the  comparison  of  mean  values  of  arc  voltage  with  floating  shield  potential,  shown  in  Fig.9.  The  difference  of 
these  voltages  near  the  arc  current  crest  reaches  90V.  In  these  conditions,  there  is  an  intensive  anode  heating  as  a  result  of 
large  power  density  flow  to  the  anode. 

Large  currents  to  the  shields  in  Region  III  are  a  result  of  abundant  positive  ion  generation  in  the  anode  region  after 
reaching  the  thermal  acitivity  by  the  anode  and  creating  an  intensive  plasma  fluxes  directed  from  the  anode  toward  the 
central  and  bottom  shields.  However,  the  possibility  of  simultaneous  appearance  of  parallel  arcs  burning  between  the  shield 
and  the  anode,  cannot  be  eliminated.. 

Resion  IV 

There  is  a  decrease  of  shield  ion  current  down  to  zero,  practically  without  oscillations  and  a  decrease  of  arc  voltage 
with  small  oscillations  to  the  level  below  20V  near  arc  current  zero.  The  ratio  of  ij/ig  is  included  in  the  range  from  5  to  about 
16%,  and  higher  values  of  ij/i^  occur  for  greater  instantaneous  values  of  arc  current.  Shield  currents  are  created  by  positive 
ions  collection  from  the  plasma. 

It  should  be  stressed  that  Region  I,  II  and  IV  occur  also  in  the  wareforms  of  shield  voltage  and  currents  for  smaller 
arc  currents  (Fig.4). 


Fig,  9,  Mean  arc  voltage  (u^  )  and  floating  shield  potential  Fig.  10.  The  ratio  of  i/i^  versus  time  for  crest  arc  current 

(^s)  for  I ^y^=6.0kA  andf=900Hz  2.5kA  (A),  4.0kA  (V)  and  6.  OkA  (o),f=900Hz 
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Fig.  10  contains  the  mean  values  and  dispersions  of  ij/ig  as  a  fimction  of  time  for  currents  of  the  amplitude  2.5kA, 
4.0kA  and  6.0kA  for  frequency  of  900Hz,  Because  of  large  dispersions  of  shield  currents  in  Region  III,  the  figure  shows  their 
values  obtained  in  successive  measurements.  The  compiled  results  characterize  values  and  dynamics  of  changes  of  the  shield 
current  as  a  function  of  time  and  arc  current  amplitude. 

4.  CONCLUSIONS 


During  the  current  increase  before  initiation  of  high-amplitude  oscillation  in  the  arc  voltage,  the  shield  current  -  to  - 
arc  current  ratio  ij/i^  is  not  a  constant  value,  but  it  rises  with  the  instantaneous  value  of  arc  curent  and  also  with  its 
frequency.  For  i^<41^  the  ratio  ij/i^  is  in  the  range  from  4.5  to  about  18  percent.  In  the  most  experiments  it  was  found,  that 
at  the  same  instantaneous  value  of  current  on  the  semiwave,  the  shield  current  was  greater  during  the  current  decrease  than 
for  the  current  increase  period.  Furthermore,  this  effect  takes  place  when  the  arc  voltage  is  clearly  lower  while  the  current 
decreases.  During  the  high  voltage  oscillations  sequence,  when  at  the  same  time  the  base  component  of  arc  voltage  is  greater, 
a  significant  increase  of  the  shield  current  is  observed  (ii/ia>20  percent).  The  shield  current  distribution  depends  on  the  arc 
mode.  For  diffuse  arc  mode,  this  distribution  is  mainly  affected  by  the  cathode  ion  flux  and  also  by  anode  potential.  For  high 
voltage  oscillation  sequence  a  significant  effect  has  the  anode  plasma  jet  which  can  be  confirmed  by  change  in  a  current 
distribution  between  particular  shields. 
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ABSTRACT 


An  experimental  circuit  which  can  be  used  to  measure  the 
phenomena  of  HF  (high  frequency)  vacuum  arc  is  built. 
Numerous  measurements  are  carried  out  and  the  number  of 
half-cycles  of  the  HF  vacuum  arc,  which  is  considered 
important  to  the  over  voltage  caused  by  multiple  reigmtion 
of  vacuum  switch,  is  input  into  computer.  A  calculating 
method  is  developed  to  calculate  the  mean  value  of  the 
number  of  half-cycles  of  vacuum  arc  at  various  fixed  gap- 
lengths  and  circuit  parameters.  The  calculated  results  fit  the 
experimental  ones  very  well.  It  is  concluded  that  the  number 
of  half-cycles  of  HF  vacuum  arc  depends  strongly  to  the 
frequency  dependent  decaying  constant  of  the  high  HF 
circuit  and  the  parasitic  or  lumped  capacitor  parallel  to  the 
vacuum  interrupter. 

1 .  INTRODUCTION 

When  a  vacuum  switch  is  used  to  switch  an  inductive 
circuit  a  transient  phenomenon  called  multiple  reigmtion  may 
occur.  This  multiple  reignition  can  cause  voltage  escalation 
and,  especially  in  the  three-phase  circuit  case,  another 
phenomenon  called  virtual  current  chopping.  Attention  had 
already  been  paid  to  these  phenomena  in  early  1970’s*’^ 
because  the  overvoltage  caused  by  the  phenomena  is 
hazardous.  It  is  found  that  the  surges  caused  by  such 
phenomena  may  endanger  the  tum-to-tum  insulation  of  the 
load  such  as  motors  and  transformers,  even  if  the  crest  value 
of  the  surges  is  not  so  high.  So  the  two  factors  being 
responsible  for  the  mentioned  surges,  circuit  parameters  and 
the  behaviour  of  HF  vacuum  arc,  are  constantly,  the  subject 
of  those  who  are  interested  in  the  phenomena. 

Analytical  and  simulation  methods  are  used  to  consider  the 
effect  of  the  parameters  of  the  different  circuits  on  the 
overvoltage  resulting  from  the  HF  arcing' Meanwhile 
experimental  and  theoretical  methods  are  used  to  understand 
the  phenomena  and  behaviour  of  HF  vacuum  arc.  M. 
Lindmayer  and  E.-D.  Wilkening  measured  the  effects  of 
circuit  parameters  on  the  reignition  voltage  distribution  of 
short  vacuum  gaps  (mostly  gap  length  being  64  fim)  of 
different  contact  materials''  and  deduced  that  at  high  currents, 
where  low  reignition  voltages  dominate,  the  reignitions  occur 


in  the  old  arc  channel,  favoured  by  the  strong  field  of  the 
space  charge  sheath  in  front  of  the  new  cathode^  Z. 
Zalucki^’^  measured  the  phenomena  of  HF  vacuum  arc  at  a 
gap  length  of  0.3  mm  and  also  estimated  that  if  high 
frequency  arcs  developed  from  one  point  there  are  high 
concentrations  of  cathode  spots  and  high  power  densities  on 
the  anode. 

From  the  overvoltage  producing  view  point  the  important 
parameter  of  HF  vacuum  arc  (contains  a  series  of 
reignitions)  is  the  total  arcing  time  or  the  number  of  half¬ 
cycles  of  the  HF  vacuum  arc.  In  the  fact,  during  the  HF 
arcing  period  the  load  inductance  is  charged  by  the  power 
source  to  a  certain  value  of  current  which  in  turn  produces 
a  overvoltage  over  the  vacuum  interrupter  if  the  HF  vacuum 
arc  extinguishes.  If  there  is  another  reignition  and  therefore 
another  HF  vacuum  arc,  the  higher  overvoltage  would 
increase  the  probability  of  virtual  current  chopping.  This  is 
because  the  high  current  in  the  HF  arcing  phase  will  cause 
high  induced  current  in  the  other  phases  through  the  coupling 
between  the  different  phases. 

The  aim  of  this  research  is  to  study  the  relation  between 
the  circuit  parameters,  gap-length  and  the  number  of  HF 
vacuum  arcs. 


2.  EXPERIMENTAL  SET-UP 


Fig.l  Experimental  circuit  for  HF  arcing  phenomena 
measurement  with  fixed  gap  length 


The  experimental  circuit  for  HF  arcing  phenomena 
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measurement  is  shown  in  Fig.l.  Capacitor  C,  inductor  L 
(147  fiR)  and  the  vacuum  interrupter  VI  constitute  the  HF 
circuit  which  supplies  the  HF  current  to  HF  arcing.  Cq  is  a 
changeable  capacitor,  which,  together  with  the  inductor  L, 
forms  the  ultra  high  frequency  (UHF)  circuit  producing  UHF 
recovery  voltage  over  VI  after  each  half-cycle  of  current  of 
HF  arcing. 

The  gap  length  of  the  vacuum  interrupter  is  fixed  during 
one  shot  (measurement)  and  is  measured  by  a  digital  vernier 
calliper. 

The  fixed  gap  HF  arcing  phenomena  measuring  process  is 
as  follows.  First,  fix  the  vacuum  gap  to  a 
predetermined  length  and  charge  the  capacitor  C  to  a 
required  voltage.  Then,  SW  is  switched  on  and  at  the  same 
time  a  UHF  transient  voltage  is  applied  to  the  gap  of  the 
vacuum  interrupter  VI.  This  transient  voltage  breaks  down 
the  vacuum  gap  of  VI  and  initiates  the  HF  vacuum  arcing. 
At  last  the  waveform  of  current  and  voltage  are  recorded  by 
a  LECROY  9400  digital  oscilloscope  (sampling  time  10ns) 
through  a  Pearson  current  transformer  (20  A/V)  and  a  self- 
made  capacitive  voltage  divider  (6.05  kV/V).  In  this  paper 
a  reignition  means  one  half-cycle  of  HF  arcing  and  a 
reignition  voltage  the  voltage  which  starts  (by  breakdown  of 


Fig,  2  A  typical  voltage  and  current  waveform  of 
measurement.  Current  (upper  trace):  60A/div,  voltage 
(lower  trace):  6.05kV/div  and  time:  Sps/div 


A  typical  waveform  of  current  and  voltage  of  one  shot  is 
shown  in  Fig.2.  In  the  figure,  to  stands  for  the  instant  at 
which  the  switch  SW  is  closed  electrically  (there  is  a  pre¬ 
breakdown  of  the  air  gap),  tj  the  breakdown  of  the  fixed  gap 
of  VI,  t2  the  second  reignition,  tg  the  temporary  interruption, 
t4  the  reignition  of  the  gap  and  tj  the  final  interruption  of  the 
HF  arcing  current  (Fig.2  is  measured  from  a  vacuum 
interrupter  with  AgWC  contact  material  and  a  gap  length  of 
0.4mm). 


The  quantity  of  data  for  the  different  contact  materials 
used  is  given  in  Tab.l. 

Tab.  1  Data  volume  of  the  measurement 


contact  material 

Cu 

CuCr 

nr.  of  data  files 

24 

22 

nr.  of  shots 

527 

555 

nr.  of  data  points 

5260 

4885 

3.  DATA  PROCESSING  AND  ANALYSIS 

When  the  current  of  a  vacuum  arc  passes  zero  and  is 
interrupted  the  diffusion  of  the  residual  plasma  causes  the 
recovery  of  the  vacuum  gap  from  the  conducting  state  to  the 
insulating  state.  There  is  a  race  between  the  speed  of 
dielectric  recovery  and  the  rate  of  rise  of  transient  recovery 
voltage  (RRTRV)  which  is  supplied  by  the  circuit.  At  the 
moment  the  recovery  voltage  is  higher  than  the  momentary 
voltage  withstanding  ability  of  the  vacuum  gap,  the  gap  will 
breakdown  and  the  current  starts  to  flow  in  the  vacuum 
through  the  residual  plasma  again.  For  HF  vacuum  arc  the 
situation  is  the  same.  The  extent  of  the  recovery  of  the 
vacuum  gap  after  each  current  zero  is  reflected  by  the 
following  reignition  voltage  (u^). 

Fig.  3  and  Fig.4  show  the  results  of  the  measurement  of 
CuCr  vacuum  interrupter  with  capacitor  C  being  lOnF  and 
gap  length  being  0.1mm  and  0.5mm  respectively.  In  those 


(erratic  short  line)  of  reignition  voltages  after  each 
current  zero  for  CuCr  contact  material  with  d=0.1mm 

figures  each  vertical  stripe  which  expresses  the  distribution 
and  mean  value  of  reignition  voltages  (indicted  by  x)  after  a 
certain  numbered  current  zero  is  denoted  by  a  number  at  the 
top  of  the  stripe,  which  stands  for  the  sequential  number  of 
the  corresponding  current  zero. 
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Fig  A  The  measured  mean  values  and  distributions  of  Fig,  5  The  cold  breakdown  voltage  vs  gap  length  for 

reignition  voltages  after  each  current  zero  for  CuCr  Cu  with  C=3,3nF  and  lOnF 

contact  material  with  d= 0,3mm 


3.1  COLD  BREAKDOWN  VOLTAGE 

For  each  shot  of  the  measurement  the  initial  breakdown 
voltage  is  taken  as  the  cold  breakdown  voltage.  The  mean 
value  of  the  cold  breakdown  voltage  vs  gap  length  for  Cu 
and  CuCr  are  shown  in  Fig.5  and  Fig.6  respectively.  The 
relation  between  and  gap  length  d  is  fitted  by 
Uj,=aE*d+au,  where  Uj,  is  the  cold  breakdown  voltage  (in 
kV)  and  d  the  gap  length  (in  mm).  The  coefficient  aE  and  a^ 
for  Cu  and  CuCr  are  listed  in  Tab.2. 

Tab.2  Coefficient  of  cold  breakdown 
characteristics 


contact  material 
and  C 

ag  (kV/mm) 

a^  (kV/mm) 

Cu  C=10nF 

53.4 

0.6 

Cu  C=3.4nF 

70.8 

-1.2 

CuCr  C=10nF 

106.3 

0.3 

CuCr  C=6.6nF 

106.7 

1 

CuCr  C=3.3nF 

110.9 

0.4 

For  CuCr  the  cold  breakdown  characteristic  is  not  so 
sensitive  to  the  capacitor  C.  This  is  why  CuCr  is  widely 
used  in  vacuum  interrupters  to  obtain  higher  voltage 
withstanding  ability  after  arcing. 

3.2  INTERRUPTING  ABILITY  OF  HF  VACUUM  ARC 

The  interrupting  ability  of  HF  arcing  is  expressed  in  the 
final  maximum  recovery  voltage  U„  against  the  gap  length. 
Fig.7  and  Fig.  8  give  the  results.  In  those  two  figures  each 
point  represent  a  pair  of  and  d,  and  the  mean  values  are 
calculated  for  the  data  belong  to  each  gap  length. 
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Fig.6  The  cold  breakdown  voltage  v.y  gap  length  for 
CuCr  with  C=3.3nF,  6,6nF  and  lOnF 


Fig,  7  The  peak  value  of  final  recovery  voltage 
against  gap  length  d  for  Cu  contact  material 
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Fig,  8  The  peak  values  of  final  recovery  voltage  against 
gap  length  d  for  CuCr 


The  relation  between  and  d  is  expressed  as 

U^=0.4  +91d-67.3d2  (1) 

and 

U^=0.8+59.8d-20.1d2  (for  Cu),  (2) 

where  in  kV  and  d  in  mm. 

3.3  NUMBER  OF  HALF-CYCLES  OF  HF  vacuum  arc 

The  measured  number  of  half-cycles  of  HF  vacuum  arc  is 
shown  in  Fig. 9  and  Fig.  10.  In  these  two  figures  the  gap 


Fig,  9  The  measured  mean  values  and  distributions  of 
number  of  half  cycles  ofHF  vacuum  arcing  for  Cu  with 
different  gap  length 


length  d  is  shown  at  the  top  of  the  figure.  The  figures  also 
show  the  cumulative  distribution  of  number  of  half-cycles. 


Fig,  10  The  measured  mean  values  and  distributions  of 
number  of  half  cycles  of  HF  vacuum  arcing  for  CuCr 
with  different  gap  length 

Take  Fig, 9  for  example,  in  the  range  of  d=0.1mm,  the  left 
boundary  stands  for  0%  and  the  right  boundary  for  100%. 
The  dots  are  the  measured  data  and  they  are  fitted  with  a 
normal  distribution  function.  From  the  figures,  it  is 
obviously  seen  that  the  number  of  half-cycles  of  HF  arcing 
increases  with  C  and  decreases  as  gap  length  increases. 
Because  the  period  of  HF  arcing  increases  as  C  increases, 
the  arcing  time  would  increase  much  more  with  C.  This 
must  be  kept  in  mind  when  estimation  of  reignition  or  virtual 
current  chopping  overvoltage  is  under  consideration. 

3.4  CALCULATION  OF  THE  NUMBER  OF  HF  ARCING 

In  a  RLC  circuit  the  voltage  cross  the  capacitor  can  be 
written  as, 

Uc(t) = Uc(0)exp(-at  •  t)cos(co  •  t)  (3) 

where  ai=R/2L  is  the  decaying  constant  and  oj- l/sqrt(LC) 
is  the  angular  frequency  of  the  oscillation.  If  only  the  values 
of  voltage  of  capacitor  at  each  current  zero  are  under 
consideration,  the  voltage  Uc  can  also  be  expressed  as, 

Uc(n)=Uc(0)exp(-a,*n)  (4) 

where  n  is  the  sequential  nr.  of  current  zero  at  which  the 
voltage  is  measured.  The  relation  between  a^  and  a^  is, 

aj,=0.5*7r*ai/a>  (5) 

For  the  circuit  shown  in  Fig.l,  if  there  is  an  arc  between 
the  contacts  in  VI  the  effect  of  Q  to  the  HF  circuit  will 
scarcely  exist  because  the  arc  voltage  is  very  low  compared 
with  the  residual  voltage  of  capacitor  C.  So  the  circuit  will 
work  according  to  the  principle  described  above. 
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From  the  view  point  of  energy  conservation,  the  number 
of  half-cycles  of  HF  vacuum  arc  can  be  determined  as 
follows.  The  energy  stored  in  capacitor  C  before  HF  arcing 
is  ^AC  •  Uc(0)^.  If  there  is  not  a  vacuum  gap  in  HF  circuit, 
that  is  to  say  the  circuit  only  consists  of  R,  L  and  C,  the 
energy  stored  in  capacitor  C  at  each  HF  current  zero  can  be 
expressed  as 

Ec(n)=>^C(Uc(n))^ 

=  >/iC[Uc(0)-exp(-a„*n)f  (6) 

=Ec(n-l)  •  exp(-2aj 

Considering  the  vacuum  gap  in  the  circuit,  the  energy 
dissipation  caused  by  reignition  voltage  U^n)  and  the 
capacitor  paralleled  to  vacuum  interrupter  Cq,  E^n)  must  be 
taken  into  account.  It  is  known  from  the  measurement  that 
the  energy  dissipation  by  is  very  fast  (in  the  time  of  less 
than  one  tenth  of  the  period  of  HF  circuit).  So  it  is 
reasonable  to  consider  E^n)  a  integral  energy  loss  at  the 
beginning  of  each  half  cycle  of  current  (reignition).  So, 

Ec(n)  =  (Ec(n-l)-Eri(n))  •  exp(-2aj  (7) 

and  the  voltage  of  the  capacitor  C  at  each  current  zero  will 
be 


of  frequency  f  is  obtained  as  follows 

a^(f)=b+a*f  (10) 

with  a=0.35  and  b=-2.4e3  (valid  for  f> 0.5MHz). 


The  calculated  number  of  half-cycles  of  HF  arcing  are 
shown  in  Fig.  11  (for  Cu)  and  Fig.  12  (for  CuCr).  In  the 


Fig.  11  The  calculated  number  of  half-cycles  of  HF 
vacuum  arcing  for  Cu  with  different  gap  length 


UM= 


(8) 


If  the  overshoot  factor  of  the  circuit  is  the  maximum 
recovery  voltage  which  the  circuit  can  provide  at  n-th  current 
zero  is  Uc(n)  •  fp.  So 

Uc(n)-f,>U,  (9) 

is  the  criterion  of  the  occurrence  of  n-th  reignition.  The 
number  of  half-cycles  of  HF  vacuum  arc  will  increase  one 
by  one  until  the  condition  of  the  equation  9  is  not  satisfied 
any  more. 


Fig.  12  The  calculated  number  of  half-cycles  of  HF 
vacuum  arcing  for  CuCr  with  different  gap  length 


It  must  be  emphasized  that  it  was  found  in  the 
measurement  that  the  decaying  constant  aj  is  a  function  of  the 
frequency  of  HF  circuit.  This  is  because  the  energy  radiated 
in  the  form  of  an  electromagnetic  wave  and  the  skin  effect 
increase  with  the  frequency.  The  inherent  decaying  constant 
of  the  circuit  is  defined  as  the  decaying  constant  when  the 
reignition  voltage  is  zero.  The  inherent  decaying  constant  is 
measured  in  the  experimental  circuit.  It  should  be  mentioned 
here  that  the  decaying  constant  a^  and  a^^  mentioned  above  are 
inherent  decaying  constants.  The  measured  a^  as  a  function 


calculation  U^n)  takes  one  value  which  is  equal  to  the  mean 
value  of  final  peak  value  of  recovery  voltage  given  by 
equation  1  (for  Cu)  and  equation  2  (for  CuCr).  The  inherent 
decaying  constant  comes  from  equation  10. 

4.  CONCLUSIONS 

1.  The  cold  breakdown  voltage  of  vacuum  interrupters 
having  a  fixed  gap  length  (<  0.9mm)  was  measured  with  a 
650  kHz  (frequency  of  UHF  circuit)  60  kV  impulse  voltage. 
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For  a  gap  length  less  than  1  mm  the  following  breakdown 
field  strengths  were  found  for  the  two  contact  materials 
under  study: 

Cu:  534kV/cm  <  <  708kV/cm 

CuCr:  1063kV/cm  <  <  1109kV/cm 

2.  The  measured  interrupting  ability  of  HF  vacuum  arc 
(with  small  gap  length)  is  expressed  as  vs  d: 

U„=0.4  +91d-67.3d2  (for  CuCr) 
and 

U„=0.8+59.8d-20.1d2  (for  Cu) 
where  in  kV  and  d  in  mm. 

3.  The  decaying  constant  is  a  function  of  the  frequency  of 
the  circuit.  In  this  research  the  experimental  equation  is 

a,(f)=0.35-2.4xl0^f 
where  a^  and  f  are  both  in  1/s 

4.  Number  of  half-cycles  of  HF  arcing  is  affected  by  the 
contact  material  and  gap  length  (  through  U^n)  in  the 
model),  HF  circuit  parameters  (through  aj  in  the  model), 
parasitic  capacitor  Cq  and  the  initial  voltage  of  capacitor  C 
(or  energy  stored  in  capacitor)  C.  In  the  range  of  frequency 
used  in  the  measurement,  the  number  of  half-cycles  of  the 
HF  vacuum  arc  increases  with  C,  and  Uc(0),  and  decreases 
as  gap  length  and  Q  increase.  Both  the  result  of 
measurement  and  theoretical  analysis  meet  each  other  very 
well. 
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ABSTRACT 

This  report  reviews  reseai'ch  and  development  efforts  within  the  last  years  for  vacuum  electron  tubes,  in  particular  power  grid 
tubes  for  industrial  applications.  Physi^  and  chemical  effects  are  discussed  that  determine  the  performance  of  todays  devices. 
Due  to  the  progress  made  in  the  fundamental  understanding  of  materials  and  newly  developed  processes  the  reliability  and 
rq)roducibility  of  power  grid  tubes  could  be  improved  considerably.  Modem  computer  controlled  manufacturing  methods  ensure 
a  high  reproducibility  of  production  and  continuous  quality  certification  according  to  ISO  9001  guarantees  future  high  quality 
standards.  Some  typical  applications  of  these  tubes  are  given  as  an  example. 

1.  INTRODUCTION 

Vacuum  electron  tubes  show  a  large  variety  of  applications.  Depending  on  the  type  and  frequency  range  it  is  possible  to 
classify  into  power  grid  tubes,  microwave  tubes,  display  tubes,  image  intensifiers  and  many  more.  For  all  of  these  tubes  there 
are  industrial  applications. 

In  order  to  be  more  detailled  this  review  is  restricted  to  power  grid  tubes.  Power  grid  tubes  operate  in  the  kW  to  MW  range  of 
output  power.  They  compete  with  semi-conductors  in  many  fields  and  have  been  predicted  to  die  out  many  times  in  the  past. 
Nevertheless  there  are  well-established  ^plications  that  require  the  special  properties  that  can  be  offered  just  by  electron  tubes. 
These  are  among  others  their  reliability,  simplicity  and  their  performance  in  surroundings  with  strong  electrical  ndse.  Electron 
tubes  have  thus  gained  a  market  share  for  certain  applications  that  can  not  be  taken  by  other  electronic  devices.  Possibly  it  is 
now  even  the  time,  when  a  return  from  existing  semi-conductor  solutions  to  electron  tubes  may  become  attractive  again. 
Industrial  iq^plications  utilise  mainly  triodes  and  tetrodes  that  are  offered  in  water  or  air-cooled  versions.  Typical  examples  are 
given  in  fig.2.  and  fig.3.  Fig.2  shows  a  tube  of  ITK30  type,  which  e.g.  can  be  used  in  generators  for  induction  or  dielectric 
heating  at  frequencies  up  to  27  MHz.  Fig.  3  shows  as  an  example  of  a  tetrode  the  type  IQK25-1  that  is  used  in  modem  laser 
generators. 


2.  FUNDAMENTAL  PHYSICAL  EFFECTS  IN  VACUUM  ELECTRON  TUBES 

Main  components  of  a  power  giid  tube  are  cathode,  grid(s),  anode  and  ceramics.  Although  there  are  also  glass  tubes  on  the 
market,  greater  progress  has  been  made  with  ceramic  tubes.  Therefore  the  main  physical  effects  are  described  for  tubes  with 
these  components  only. 


Fig.  1 

Variation  of  potential  energy  near  a  metal  surface:  ^ 

Vo(x):  image  potential 

V(x):  potential  in  the  case  of  an  applied  field  E 
xq:  position  of  the  maximum  in  the  potential 
eVoo:  energy  of  vacuum  level  for  x  =  cc 
Fermi  energy 

d(j):  lowering  of  work  function  due  to  the  applied  field 

2.1.  Cathodes 

The  cathode  of  a  vacuum  electron  tube  should  deliver  as  high  a  current  density  as  possible  at  lowest  heating  temperature.  It 
functions  mainly  as  a  thermionic  emitter.  Theoretical  models  of  thermionic  emission  ai*e  well-known  and  can  be  found  e.g.  in 
1.  Electrons  that  leave  the  bulk  of  a  clean  metal  into  vacuum  require  an  energy  that  is  given  by  the  work  function  of  the 
material.  The  work  function  (j)  is  then  given  as  the  potential  difference  between  the  Fermi  level  of  energy  £f  and  the  energy  of 
the  vacuum  level  eVoo  If  an  electrical  field  is  present,  the  potential  barrier  of  the  solid  is  reduced  by  6(|)  due  to  the  Schottky 
effect  (fig.  1). 
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Fig.  3 

Water  cooled  industrial  tetrode  IQK  25-1 
which  is  used  e.g.  in  laser  generators 
with  electrical  connections  for  cathode  filament  f/y, 
two  grids  (gi,  g2)  and  anode  (a) 


Fig.  2 

Water  cooled  industrial  triode  ITK  SO  which  is 
used  for  induction  and  dielectric  heating  with 
electrical  connections  for  cathode  filament 
8  anode  a 


The  thermionically  emitted  current  is  rather  well  described  by  the  Richardson-Dushman  equation  (1).  The  saturation  current 
density  J  of  electrons  emerging  from  clean  homogeneous  metal  surface  at  temperature  T  is 

J  =  A*  (1 -rg)T2  exp(-(t) /kj^T),  (1) 

A*  =  4  jt  m  k|3  e  /  h^  =  120  A  cm  degree 

m,e  =  electron  mas s ,  charge 

h  =  Planck^s  constant, 

kjj  =  Boltzmann's  constant 

”  mean  value  of  the  zero-field  reflection  coefficient  for  the  incident  electrons  ^ 
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Main  parameters  to  obtain  high  emission  are  the  temperature  T,  the  work  function  (|)  and  the  Richardson-Dushman  constant  A 
preceeding  the  exponential.  Materials  are  utilised  of  low  work  functions  <|)  and  high  constant  A  that  work  at  the  lowest 
temperature  possible.  A  possibility  to  reduce  the  work  function  was  found  in  the  past,  when  material  compositions  were 
investigated  instead  of  pure  metds.  For  such  a  multi-component  system  the  complicated  theoretical  description  may  be 
^jproachedby  the  static  substrate  model  of  Guniey  The  model  is  explained  e.g.  in  The  reduction  of  work  function  by 
mono-layers  or  attached  atoms  is  well  known  in  literature.  Typical  values  can  be  found  e.g.  in 

Thoriated  tungsten  that  is  mainly  used  as  cathode  materid  in  commercial  applications  can  be  manufactured  by  powder 
metallurgical  processes,  sintering,  pressing  and  drawing.  It  contains  several  per  cent  of  Th02.  In  order  to  make  use  of  the 
reduced  emission  potential  of  atomic  thorium  on  tungsten,  a  mono-layer  of  thorium  atoms  has  to  exist  at  the  surface 
continuously.  To  achieve  this  state,  a  special  chemistry  takes  place  to  continuously  reduce  the  oxide.  The  basic  mechanism  of 
this  method  is  the  reduction  of  the  oxide  in  a  coating  of  W2C  around  the  tungsten  wire.  The  process  to  coat  tungsten  wires  in 

the  appropriate  way  is  known  as  "carburisation"  and  described  e.g.  in  Key  reactions  at  the  surface  and  in  the  layers  are  the 
following 
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Reaction  (2)  describes  the  generation  of  thorium  atoms  at  the  surface  of  a  tungsten  filament  even  whithout  W2C  coating.  This 
reaction  is  important  at  high  temperature.  The  W2C  coating  allows  a  thorium  production  at  lower  temperature  and  therefore 
lower  thorium  evaporation  by  reaction  (3).  The  unwanted  side-reactions  (4)  and  (5)  contribute  only  litde  in  the  temperature 
range  considered.  Reaction  (6)  is  the  carburisation  process  itself,  whereas  reaction  (7)  is  a  loss  process  producing  WC  which 
again  prohibits  thorium  formation  at  the  surface  e.g.  by  reaction  (4). 

In  the  last  years  new  materials  with  similar  properties  as  thoriated  tungsten  are  investigated  worldwide 

The  emission  process  is  understood  for  the  existing  commercially  available  material  for  some  time.  The  knowledge  about  the 
processes  with  new  materials  however  is  not  yet  complete. 

For  existing  industrial  applications  there  are  also  other  requirements  that  need  to  be  fulfilled.  Special  technical  requirements  for 
industrial  tubes  are 

°  large  emission  reserves 
°  short-time  overload  capability 
°  strong  construction  with  high  mechanical  stability 
°  long  life-time 

In  Oder  to  fulfil  these  requirements  specific  constructions  are  chosen.  In  industrial  tubes  mainly  mesh  cathode  structures  are 
used.  By  a  special  design  high  perveance  and  good  stability  can  be  achieved  to  withstand  possible  system  voltage  fluctuations 
or  overloads  and  to  become  insensitive  to  different  switcMng  pulse  shapes.  Special  physico-chemical  processes  are  developed 
for  the  carburisation  of  cathode  filaments,  by  which  the  mechanical  stability  of  a  specific  design  is  essentially  improved.  To 
optimise  such  methods  metallurgical  research  and  development  is  an  important  help.  Simultaneously  with  the  improvement  of 
the  stability  the  life-time  of  the  cathodes  can  be  increased.  The  main  limiting  mechanism  is  the  decarburisation,  i.e.  the  back- 
reaction  of  reaction  (6)  forming  tungsten  and  carbon  from  W2C.  There  are  now  tubes  in  the  field  which  work  under  extreme 

conditions  for  more  than  lO'OOO  hours. 

2.2.  Grids 

It  is  the  task  of  the  grids  to  control  and  modulate  the  power  of  a  tube  with  as  little  losses  as  possible.  Physically,  grids  must 
behave  strictly  neutral,  i.e.  they  should  not  generate  further  electrons.  Apart  from  that  the  characteristic  curve  of  the  tube  must 
not  be  dianged  under  different  operation  conditions.  E.g.  any  grid  distortions  at  high  temperature  must  be  avoided  or 
compensated,  since  the  gap  spadngs  inside  the  tube  may  change  with  varying  temperature.  Technically  these  requirements  are 
realised  by  the  choice  of  an  appropriate  material  and  corresponding  chemical  treatment.  For  industrial  tubes  the  operational 
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reliability  depends  strongly  on  the  reserve  dissipation  capability  of  the  grids.  Since  the  cathodes  run  at  temperatures  in  excess 
of  2000  K  the  grids  are  heated  excessively  by  the  radiation  from  the  cathode.  Furtheron,  the  grid  current  and  RF  charging 
currents  heat  the  grids  considerably.  The  two  main  properties  of  the  materials  involved  are  therefore  their  radiation  characteristic 
and  their  secondary  emission  behaviour.  Fig.  4  shows  the  secondary  emission  factor  a  as  a  function  of  the  accelerating  voltage 
Uafor  some  typicd  materials,  a  is 
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Fig.  4 

Secondary  emission  factor  a  as  a  function  of  the  accelarating  voltage  Uafor  tungsten  (W)  and  thoriated  tungsten  (WTh).  Also 
given  are  values  for  barium  (Ba),  nickel  (Ni)  and  carbon  soot  fCj. 

defined  as  a  =  »  (^) 

11  -  incident  current  density  =  primary  electron  current, 

12  =  resulting  secondary  electron  current. 

The  measurements  are  obtained  by  sputtering  experiments  in  vacuum.  The  figure  demonstrates  that  pure  tungsten  shows  a 
relatively  poor  behaviour,  whereas  e.g.  carbon  has  better  properties. 

At  the  high  temperatures  involved  it  is  tried  to  optimise  the  back-radiation  from  the  grid  as  a  means  of  cooling.  Fig.  5  shows 
the  radiation  measured  from  typical  grid  material  in  the  visible  spectrum  at  around  a  wavelength  X  =  668  nm  compared  to 
blackbody  radiation.  For  blackbody  emission  Planck's  law  holds: 

Ipl  =  2  h  c^  /  {  ji  ( exp  ( h  c  /  kb  X  T)  -  1 )},  (9) 

c  -  velocity  of  light, 

\  =  wavelength. 

Radiation  from  heated  substrates  differs  from  blackbody  radiation  by  a  factor  s  (spectral  radiant  emissivity)  depending  upon 
wavelength  A.,  emission  angle  O,  and  temperature  T.  e  is  a  characteristic  quantity  for  every  material.  Thus  the  emitted  radiative 
power  is  reduced  and  given  by 

KKUT)  =  s(X,<I>,T)  Ipi(X,T),  (10) 

^  -  angle  of  emission. 

e  (  X,  <J>,  T)  is  material  dependent.  As  can  be  seen  from  fig.  5  radiation  is  reduced  considerably,  if  the  surface  is  treated 
mechanically  or  chemically,  because  the  angular  and  material  dependence  has  a  strong  influence  on  the  total  radiation. 

As  a  consequence  two  main  approaches  are  followed  for  industrial  tubes: 

-  chemically  treated  pure  metal  grids  -  mainly  on  a  tungsten  or  molybdenum  basis,  or 

-  pyrograpliitic  grids  (pyrobloc  ®),  which  mkke  use  of  the  advantages  of  pure  carbon. 

Main  efforts  in  research  and  development  of  the  last  years  for  new  grid  types  was  in  these  fields.  For  the  pine  metal  grids 
special  coatings  and  ways  to  apply  these  have  been  developed.  Apart  from  different  carbide  coatings  also  new  systems  have 
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evolved.  ZrPts  is  an  example  of  a  coating  that  suppresses  any  grid  emission  strongly.  The  advantages  of  the  pyrobloc® 
technology  are  the  low  vapour  pressure,  good  heat  conductivity,  low  sputtering  rate  and  optimum  ion  capture.  With  these  grids 
very  short  gap  lengths  can  be  realised  which  results  in  very  steep  tube  characteristics. 


Temperature  /  K 

Fig. 5 

Emission  properties  of  sand  blast  Mo,  clean  tungsten,  molybdenum  with  platinum  coating  compared  to  blackbody  radiation 

2.3  Anodes 

Anodes  are  heated  by  the  current  to  the  anode  and  the  thermal  irradiation..  They  are  made  of  OFHC  copper  and  have  an  overload 
capability  to  allow  for  mismatching.  They  are  designed  with  adequate  thermal  capacity  and  good  thennal  and  electrical 
conductivity.  In  order  to  reduce  reflection  from  the  inner  walls  and  thus  not  to  contribute  to  further  grid  heating  the  anodes  are 
often  chemically  treated  at  the  inside.  Development  in  the  field  of  anodes  is  mainly  concerned  with  optimising  the  design  and 
applying  high  quality  materials. 

2.4.  Ceramics 

High  grade  aluminium  oxide  ceramics  are  used  for  the  housing  which  provides  die  required  mechanical  and  dielectric  strength 
and  has  liigh  thermal  withstand  capability.  Great  progress  has  been  made  in  the  last  years  in  metal  ceramics  joining 
technologies.  It  is  now  possible  to  reproducibly  and  precisely  bond  the  ceramic  to  the  metal  by  computer  controlled 
manufacturing  methods.  It  is  thereby  also  possible  to  perform  very  precise  welding  and  brazing  operations  under  buffer  gas  as 
well  as  in  vacuum.  The  resulting  excellent  dielectric  strength  is  partly  due  to  the  special  design  of  the  metal  fittings  and 
ceramic  part  and  partly  to  the  optimised  mtmufacturing  possibilities. 

3.  PRODUCTION  TECHNOLOGY 

Although  there  is  still  a  lot  of  skillful  work  to  be  done  by  hand,  the  greatest  quality  improvements  and  cost  reduction  by 
rationalisation  was  achieved  by  introducing  modem  production  technologies  to  the  manufacturing  of  electron  tubes.  The  large 
number  of  spots  welds  of  the  cathodes  and  the  grids  e.g.  can  easily  be  monitored  and  recorded  for  every  single  weld  by 
computers.  Similar  controls  can  be  established  for  all  different  brazing  or  pumping  steps  in  the  process  of  the  production  of  an 
electron  tube.  The  increased  control  and  documentation  of  all  process  steps  has  acliieved  a  very  high  standard  of  reproducibility 
and  quality. 

Quality  control  does  not  only  concern  the  production  methods  themselves,  but  also  all  other  activities  including  testing, 
research  and  development,  process  support,  logistics  etc.  that  are  necessary  to  perform  as  a  high  quality  supplier  on  the  market. 
That  is  why  quality  tests  by  independent  international  organisations  are  more  and  more  used  to  guarantee  tlie  standard  for  the 
future.  In  that  way  certification  according  to  the  ISO  9001  norm  has  lead  to  a  continuous  striving  for  optimised  processes. 
Introducing  ISO  9001  to  companies  that  produce  electron  tubes  has  again  achieved  a  jump  forward  in  technological  quality. 

4.  APPLICATIONS 

Most  of  the  triodes  are  used  in  generators  up  to  27  MHz.  They  are  used  to  heat  a  substrate  either  inductively  or  dielectrically. 
There  are  applications  for  many  purposes  e.g,  plastic  or  pipes  welding,  wood  bonding,  wood  laminating,  all  kinds  of  drying 
(textile,  paper  etc.),  sterilisation,  food  processing  (cooking,  defrosting),  tin  remelting  etc.  Special  ’Tiigh  fx”  (high 
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amplification)  triodes  find  applications  in  RF  oscillators  or  amplifiers  for  plasma  or  laser  applications.  To  be  adopted  to  any 
kind  of  mounting  industrial  tubes  do  not  need  special  sockets  as  e.g.  broadcast  tubes,  but  can  be  equipped  with  flexible  leads. 

A  typical  generator  scheme  is  sketched  in  fig.6.  The  main  part  consists  of  the  oscillator  part  with  the  triode  and  a  matching 
network  to  the  load  which  serves  also  as  feed-back  suppression. 

Contrary  to  some  triode  applications  new  applications  of  amplifiers  arise  with  laser  and  plasma  technologies.  They  r^uire 
pulsing  and  special  RF  pulse  shaping.  Nearly  any  RF  pulse  shape  up  to  100  kHz  at  any  repetition  rate  can  be  achieved  without 
repercussions  of  the  supply,  if  a  high  quality  tetrode  is  used  in  the  self -oscillating  models.  Switching  within  psecs  is  possible 
with  an  increase  in  power  by  a  factor  of  4. 


Principal  set-up  of  a  radio  frequency  generator  with  mains  input  M,  high  voltage  transformer  HV,  high  voltage  rectifiers  R, 
oscillator  part  O,  matching  network  and  feedback  suppression  MN,  cooling  system  C,  control  rack  CR  and  control  desk  CD. 
The  load  is  either  an  inductive  load  IL  or  a  capacitive,  i.e.  dielectric  load  CL . 


Fig.  7  shows  the  basic  control  circuit  of  a  self-oscillating  RF  generator  with  a  tetrode. 


JT  Ig.  f 

Basic  control  circuit  of  a  self~oscillating  RF  generator  with  a  tetrode.  (Negative  grid  voltage  screen  grid  voltage  U+,  pulse 
generator  control  voltages  Ujy  U2) 


The  advantages  of  a  freely  pulsating  generator  with  tetrodes  are  manyfold  compared  to  externally  controlled  transmitters.  Only 
small  space  is  needed.  Components  like  smoothing  filters  or  e.g.  for  high  voltage  transformation  can  be  left  out,  which  can 
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mean  a  considerable  cost  reduction.  Stepless  power  changes  from  0  to  100%  can  be  achieved  via  screen  grid  control.  The 
efficiency  is  enhanced  from  typically  50%  to  above  70%.  Finally  fast  super-pulse  modes  can  be  realised  reliably.  Fig.  8  shows 
the  industrial  tetrode  IQK  25  in  a  27  MHz  oscillator. 


Fig.  8 

Industrial  tetrode  IQK25 
in  a  27  MHz  laser  oscillator 
(taken  from 


5.  SUMMARY 

Research  and  development  efforts  within  the  last  years  for  vacuum  electron  tubes,  in  particular  power  grid  tubes  for  industrial 
apphcations  have  been  reported.  Physical  and  chemical  effects  at  the  cathode  and  the  grids  determine  the  perfoimance  of  todays 
devices.  Due  to  the  progress  made  in  the  fundamental  understanding  of  materials  and  newly  developed  processes  the  reliability 
and  reproducibility  of  power  grid  tubes  could  be  improved  considerably.  Modem  computer  controlled  manufacturing  methods 
ensure  a  high  reproducibility  of  production  and  continuous  quality  certification  according  to  ISO  9001  guarantees  future  high 
quality  standards.  Typical  applications  of  these  tubes  are  inductive  as  well  as  dielectric  heating  in  many  ways.  New  applications 
arise  in  RF  oscillators  or  generators  for  laser  and  plasma  applications. 
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Linear  electric  circuit  with  constant  parameters  becomes  a  nonlinear  one  with  parameters  variable  in  time  after 
vacuum  discharge  gap  is  connected  to  it.  Change  of  discharge  parameters  occurs  by  cycle.  Full  vacuum  discharge  cycle  in¬ 
cludes  predischarge,  spark,  arc  phases  and  current  break  phase  (Fig.l).  Discharge  development  by  incomplete  cycle  as  well 
as  development  of  one  and  the  same  discharge  by  several  parallel  channels  with  different  cycles  are  possible. 

Every  moment  discharge  current  I  is  limited  by  one  of  the  factors  and  namely  -  cathode  emission  ability  Ic,  plasma 
emission  ability  Ip,  vacuum  gap  conductivity  P,  outer  circuit  resistance  R  -  but  it  can  not  be  limited  by  simultaneous  influ¬ 
ence  of  several  these  factors.  Fragment  of  the  scheme  (Fig.  2)  reflecting  succession  of  turning  on  of  current  limiting  factors 
may  present  how  the  process  of  every  discharge  goes  on. 

Connections  between  current  limiting  factors  are  realized  by  the  physical  processes  in  electrodicharge  system.  Dis¬ 
charge  gap  is  one  of  subsystems  in  this  system.  Main  processes  going  on  simultaneously  result  in  secondary  processes  which 
are  interactions  of  the  main  processes.  Multiplicity  of  processes  accompanying  and  providing  discharge  consists  of  multi¬ 
plicity  of  essential  processes  in  discharge  (D)  and  multiplicity  of  the  ones  outside  the  discharge  (S).  Fig.  3  presents  a  dia¬ 
gram  of  multiplicity  of  D  -  processes  sorted  out,  according  to  the  accepted  division  of  processes  in  the  discharge,  to  the 
cathode  (C),  anode  (A)  ones,  processes  in  the  gap  (G),  information  about  contribution  of  C,  A,  G  processes  and  their  inter¬ 
action  in  realizing  of  discharge  gap  commutation.  Contribution  of  each  process  was  estimated  by  Fisher  criterion  of  impor¬ 
tance  on  the  basis  of  results  of  the  full  factor  experiment  2^  Influence  of  changes  inserted  was  judged  from  commutation 
time  tc  changes.  We  can  see,  that  A*C  interaction  has  more  significant  effect  on  tc  than  factor  A,  and  A*G  interaction  is  su¬ 
perior  in  significance  to  factor  G.  We  have  enough  evidences  of  significance  of  S  -  processes  and  interactions  of  C,  A,  G  - 
processes  with  S  -  processes. 

Processes  and  their  interactions  in  electrodischarge  system  set  the  form  of  volt  -  ampere  characteristic  (VAC)  of  a 
discharge.  Proper  section  of  VAC  corresponds  to  each  phase  of  discharge.  Location  region  of  VAC  sections  corresponding 
to  spark  and  arc  phases,  as  well  as  current  break  phase  is  limited  by  the  threshold  current  Iq  at  which  self  -  maintained  dis¬ 
charge  is  possible  as  well  as  by  cathode  drop  of  potential  and  loading  characteristic  of  power  supply  (DS  -  interaction). 
VAC  section  corresponding  to  predischarge  phase  is  limited  by  the  axes  of  coordinates,  Iq  line,  and  line  of  the  lowest  volt¬ 
age  of  discharge  excitation.  Fig.  4  presents  schematically  (without  keeping  to  scale)  VAC  of  the  vacuum  discharge  gap  in¬ 
serted  into  a  circuit  from  a  source  of  constant  voltage  Uq  with  constant  inner  resistance  R.  Equilibrium  states  in  this  circuit 
are  located  in  the  points  of  crossover  of  VAC  discharge  gap  with  loading  straight  line  of  power  supply. 

Circuit  stability  is  breaking  before  the  discharge  beginning,  when  differential  resistance  of  the  gap  r  decreases  to 
zero  (point  1  of  VAC)  and  then  becomes  a  negative  one  and  increases  on  absolute  value  due  to  high  intensity  of  C  -  pro¬ 
cesses.  Until  |r|<R,  current  in  the  discharge  gap  I  increases  spontaneously.  At  the  moment  lr|=R  (point  2  of  VAC)  current 
rise  stops.  Duration  of  circuit  staying  in  equilibrium  state  is  limited  by  plasma  appearance  on  the  cathode.  Now,  circuit  cur¬ 
rent  is  determined  by  P,  and  circuit  state  is  determined  not  only  by  C  processes  but  also  by  G  -  ones.  Cathode  plasma  expan¬ 
sion  breaks  circuit  equilibrium,  |r|  becomes  higher  than  R,  spontaneous  current  rise  renews.  When  "emission  reserve"  is 
sufficient  and  Uo/R>Io,  current  reaches  the  value  Iq,  self-maintained  discharge  (spark  phase)  begins.  Intensity  of  G  -  pro¬ 
cesses  begins  to  decrease  in  point  3  of  VAC  but  current  I  is  determined  by  P  as  before.  Again  |r|<R,  velocity  of  I  rise  de¬ 
creases  and  electrodischarge  system  rushes  to  a  new  equilibrium  state.  Physical  reason  of  discharge  transition  into  a  stable 
state  is  saturation  of  cathode  plasma  emission  ability.  In  point  3  of  VAC  .  sections  of  cathode  plasma  surface  appear  for 
which  Ip  becomes  current  limiter.  In  point  4  current  from  all  the  cathode  plasma  surface  is  limited  by  Ip.  Conditions  at 
which  plasma  quantity  lost  due  to  deionization  on  the  cavity  walls  is  equal  to  plasma  quantity  supplied  by  the  cathode  can 
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be  realized  by  plunging  of  emitter  into  a  cavity.  Position  of  cathode  plasma  emission  boundary  becomes  stable.  Emissicn 
surface  form  and  gap  conductivity  are  regulated  by  the  cavity  dimensions  and  the  depth  of  emitter  plunging.  Next  break¬ 
down  of  discharge  stability  results  from  sharp  intensification  of  A,  AC,  AG  -  processes  with  anode  plasma  appearance.  |r| 
increases,  gap  geometry  changes,  I  value  is  determined  by  P.  In  the  point  5,  exhaustion  of  source  of  plasma-forming  me¬ 
dium  on  the  anode,  voltage  decrease  on  the  discharge  gap  promote  |r|  lowering,  decrease  of  current  rise  velocity  and  dis¬ 
charge  transition  into  a  new  equilibrium  state  (point  6).  Discharge  spark  phase  comes  to  an  end,  R  determines  discharge 
current,  arc  phase  begins.  But  in  this  state,  discharge  resides  during  limited  time  also.  Growth  of  emission  center  quantity 
on  the  cathode  surface,  increase  of  cathode  surface  area  collecting  ion  flow  from  cathode  plasma  are  accompanied  by  de¬ 
crease  of  emission  ability  of  Ip  plasma  generated  by  cathode  as  well  as  by  decrease  of  C-process  intensitj’.  Ic  becomes  a  cur¬ 
rent  limiter.  A  tear  is  formed  between  cathode  and  plasma.  This  results  in  further  Ip  lowering  until  |r|  exceeds  R.  As  a  result, 
discharge  loses  its  stability.  Loss  of  stability  displays  itself  by  current  I  drop.  I  drop  to  (point  7)  completes  current  break 
phase  and  establishment  of  postdischarge  emission  current  (point  8)  completes  discharge  cycle.  I  break  is  possible  at  the 
discharge  stability  breaking  at  point  4  if  C  -  processes  intensity  begins  to  decrease  before  anode  plasma  appearance  and  at 
point  2  if  plasma  generated  on  the  cathode  or  outer  circuit  is  not  able  to  provide  current  Ig. 

Multiplicity  of  apparently  and  not  apparently  working  back  -  couplings  is  formed  owing  to  interaction  in  the  elec¬ 
trodischarge  system.  Discovering  and  application -of  these  relations  allow  to  control  discharge  and  namely,  to  reduce  or  pro¬ 
tract  discharge  phases,  to  stabilize  or  modulate  discharge  current,  to  affect  the  form  and  position  of  charged  particle  beams 
generated  by  the  discharge,  to  regulate  composition  of  ion  beams. 

In  a  gap  with  cathode  having  two  points  made  of  the  same  materials,  discharge  current  I2  depends  on  the  distance 
between  the  tops  of  the  points  1  (  Fig.5).  can  exceed  twice  the  discharge  current  in  the  gap  with  one  -  point  cathcde  I,  at 
the  fifth  second  already.  Ij  /I,  changes  with  1  change  are  due  to  electron  beam  interaction  in  the  gap.  By  sight,  this  interac¬ 
tion  can  be  easily  observed  by  the  tracks  of  anode  erosion.  Fig.5  also  presents  erosion  pictures  after  discharge  being  broken 
in  (8  -  10)  ns  from  the  moment  of  spark  phase  beginning:  a  -  1/d  <  0,5;  b  -  0,5  <  1/d  <  1,8;  c  -  1/d  >  1,8.  I  ,  /I,  dependence  on 
1/d  and  erosion  tracks  have  been  obtained  at  the  interelectrode  gap  d  =  0,35  mm. 

Fig.6  presents  current  oscillograms  of  separate  points  of  two  -  point  cathode  in  the  gap  with  the  length  d  =  1  mm. 
The  points  are  made  of  Cu  and  C,  their  Ip  values  differ  by  more  than  an  order  of  magnitude.  In  cases  a  and  b,  1/d  =  10  and 
interaction  of  electron  beams  with  each  other  as  well  as  the  ones  of  the  plasma  of  one  point  with  the  surface  of  another  point 
are  absent.  Interaction  is  realized  through  the  outer  circuit.  A  couple  of  oscillograms  a  is  typical  of  the  voltage  pulse  Up  —  25 
kV  and  b  is  typical  of  Up  =  15  kV.  At  higher  Up,  discharge  inevitably  passes  a  cycle  along  the  channel  with  C  point  omitting 
the  arc  phase  and  it  passes  the  whole  cycle  along  the  channel  with  Cu  point.  At  lower  Up,  discharge  passes  the  whole  cycle 
along  the  channel  with  C  point  and  it  does  not  exceed  the  boundaries  of  predischarge  phase  along  the  channel  with  Cu 
point.  In  case  1/d  =  0,1  (oscillograms  c)  plasma  of  the  functioning  point  stimulates  emission  center  formation  on  the  surfaoj 
of  nonfunctioning  point.  At  the  discharge  beginning,  point  C  is  always  a  functioning  one.  Plasma  of  this  point  initiates  dis  ¬ 
charge  from  Cu  point.  Discharge  from  Cu  point  transits  to  the  phase  of  current  breaking  which  lasts  about  10  ns.  Cu  point 
current  rise  occurs  owing  to  C  point  current  drop  since  total  discharge  current  can  not  be  increased  with  switching  on  of  iiie 
second  emitter  at  the  given  1/d  (Fig.5).  Delay  of  discharge  initiation  from  Cu  point  decreases  with  Vo  growth.  Investigation 
of  jointly  functioning  couples  of  emitters  made  of  C,  Pb,  In,  Cd,  Cu,  Mo,  AI  in  different  combinations  allow  to  conclude  that 
on  the  materials  with  higher  Ip,  intensity  of  C  -  processes  is  higher  and  on  the  materials  with  lower  Ip,  gajj  transition  into 
the  discharge  spark  phase  occurs  at  lower  intensity  of  C  -  processes.  In  other  words,  with  the  rise  of  cathcde  material  Ip, 
time  of  discharge  delay  grows  and  time  of  vacuum  gap  commutation  decreases. 

Dependence  of  one  -  and  two  -  discharge  ions  containing  in  plasma  on  Ip  value  of  the  cathode  material  evidences 
for  increase  of  C  -  processes  intensity  with  Ip  growth  (Fig. 7).  Compositional  cathode  plasma  contains  mainly  ions  of  materi¬ 
al  with  high  Ip  even  at  insignificant  content  of  material  with  Ip  essentially  exceeding  lo  of  the  rest  of  materials  forming  the 
cathode.  E.g.,  ion  beam  extracted  from  plasma  of  the  cathode  containing  90%  of  Pb  and  10%  of  Ti  consists  by  almost  70% 
of  Ti  ions.  Surface  erosion  of  cathode  made  of  simple  substances  with  essentially  different  Ip  looks  equally  homogeneous  on 
macrolevel  after  exploitation  in  equal  conditions  for  equal  time.  Surface  erosion  of  compositional  cathodes  made  of  the 
same  materials  put  to  the  same  tests  is  nonuniform  and  more  intensive. 

Cathode  plasma  interaction  with  cathode  surface  becomes  more  intensive  with  increase  of  the  I'elocity  of  current  I 
rise.  This  effect  reveals  in  shortening  of  emission  excitation  delay  time  from  the  surface  of  non  -  functioning  emitters,  ve¬ 
locity  increase  of  cathode  generated  plasma  flow,  increase  of  multicharged  ions  containing  in  plasma.  Fig.  8  presents  mass  - 
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spectrograms  of  ion  beams  extracted  from  plasma  of  quasistationaty  and  forced  discharges.  Decrease  of  current  rise  velocity 
lowers  interaction  intensity  and  can  be  used  to  control  the  discharge. 

Regulation  of  emitter  current  rise  velocity  was  used  to  increase  spark  phase  duration.  Emission  and  current  Ii  from 
one  of  the  points  of  a  two  -  point  cathode  were  initiated  by  auxiliary  discharge.  Appearance  of  current  from  the  second 
point  Ej  was  stimulated  by  plasma  Ej  and  occurred  during  discharge  transition  along  the  channel  between  Ej  and  anode  into 
the  final  stage  of  a  spark  phase  (Fig.9).  We  can  see  from  oscillograms  given  that  switching  on  interrupts  arc  discharge 
generation  and  restores  the  discharge  into  a  spark  stage  owing  to  current  redistribution.  Discharge  bet^veen  E,  and  anode 
breaks  and  discharge  cycle  renews  but  between  E2  and  anode.  Now,  E,  turning  on  prevents  from  arc  discharge  ignition 
along  the  channel  between  E^  and  anode.  When  resistance  is  inserted  into  the  every  emitter  circuit,  the  process  is  realized 
automatically.  False  operations  are  blocked  by  a  condensator  preventing  from  potential  difference  appearance  between  emit¬ 
ters  at  short  -  time  current  throws. 

Duration  of  t^  discharge  stable  state  at  point  4  of  VAC  decreases  with  the  rise  of  current  density  of  electron  beam 
bombarding  anode.  For  a  plane  discharge  gap  W  -- je  ^  In  the  gaps  with  spherical  and  cylindrical  geometry,  t^  is  lower  or 
higher  than  in  the  plane  gap  depending  on  whether  inner  electrode  is  cathode  or  anode.  Electron  bombardment  of  anode 
surface  stimulates  gas  desorbtion.  Desorbtion  efficiency  y (1-10)  molecule/electron,  velocity  of  the  desorbed  gas  flow  \  ~ 
(3,5-5)10'*  cm/s,  molecule  concentration  in  the  stream  n  -- jj/ev.  In  a  plane  discharge  gap,  potential  diflerence  between  the 
gas  stream  front  and  anode  Ug  is  proportional  to  the  depth  of  the  desorbed  gas  layer  dg  =  vt.  Discharge  ignition  in  the  de¬ 
sorbed  gas  layer  in  accordance  with  ^e  Pashen's  law  is  supposed  to  be  the  reason  of  tsr  limitation.  Dependence  of  t^  on 
and  discharge  gap  geometry  qualitatively  agrees  with  this  interpretation  of  anode  plasma  origin. 

At  the  electron  beam  power  density  on  the  anode  lower  than  10^  W/cm^  only  desorbed  gas  is  the  medium  from 
which  anode  plasma  is  general^.  Reserve  of  gas  adsorbed  by  anode  surface  is  limited.  During  discharge  adsorbed  gas  layer 
exhausts.  Time  is  necessary  to  restore  the  layer.  Desorption  processes  may  by  applied  to  control  current  break  process  and  10 
realize  plasma  interrupters.  Fig.  10  presents  electron  -  optical  pictures  of  glowing  with  2  -  ps  expK)Sure  duration  and  dis¬ 
charge  current  oscillogram  of  4000  -  pF  capacity  condensator  through  2000  pH  -  inductance  to  a  4  -  cm  -  long  vacuum  gap 
(cathode  is  above).  Initial  voltage  on  the  condensator  is  180  V.  Discharge  initiation  was  realized  by  the  firing  pulse  on  the 
cathode.  After  appearance  of  cathode  plasma,  the  anode  one  is  observed  to  be  generated.  Anode  plasma  volume  and  bright¬ 
ness  of  glowing  grow  in  due  course,  reach  the  maximum  and  then  decrease  resulting  in  the  discharge  current  break.  Curre/jt 
break  phase  is  presented  in  Fig.  11  in  details.  Presence  of  high  inductance  in  the  circuit  provides  --  100  -  fold  voltage  in¬ 
crease  at  the  discharge  gap  in  the  current  break  phase  as  compared  with  the  initial  one.  Fig.  12  presents  integral  pictures  of 
the  discharge  glowing  at  the  first  switching  after  a  long  break  (a),  at  the  switching  in  4  (b),  2  (c)  and  1  minutes  (d)  after  ;he 
previous  switching  of  discharge.  Volume  and  brightness  of  glowing  decrease  with  the  decrease  of  interval  between 
switchings. 

Autonomous  plasma  source  on  the  discharge  gap  anode  or  cathode  allows  to  realize  special  discharge  form  and 
namely,  plasma  discharge.  Peculiarity  of  this  discharge  form  consists  in  the  fact  that  before  voltage  is  applied,  interelectrode 
space  volume  set  beforehand  is  filled  by  plasma  with  such  composition  and  concentration  distribution  at  which  predischarge 
and  spark  phases  in  the  discharge  cycle  are  absent  after  voltage  is  applied.  From  the  moment  of  discharge  gap  connection 
up  to  the  power  supply,  I  is  limited  by  R.  Cathode  drop  layer  and  the  value  Uc  at  reaching  I  --  Ig  are  sufficient  for  exciting  qf 
emission  centers  on  the  cathode  and  subsequent  functioning  of  C  -  processes  since  they  proceed  in  the  arc  phase  of  the  dis¬ 
charge.  Transition  from  current  limitation  by  factor  R  to  limitation  by  factor  Ip,  formation  of  tear  in  plasma,  expansion  of 
tear  and  partial  or  full  I  drop  may  by  organized  at  any  moment  by  regulation  of  the  gap  filling  by  plasma.  Fig.  13  presents  I 
and  Uj)  oscillograms  illustrating  distinctions  of  vacuum  discharge  from  plasma  one.  Oscillograms  1  correspond  to  vacuum 
discharge,  plasma  was  not  injected  into  the  gap.  Oscillograms  2  correspond  to  plasma  discharge  with  I  breaking.  Owing  to 
SR  -  interactions,  voltage  on  the  gap  Ud  increases  up  to  2,0  -  2,2  MV  that  is  1,5  -  1,8  times  higher  than  the  initial  voltage 
Uq  of  Marx  generator.  Oscillogram  3  corresponds  to  the  case  when  I  is  determined  by  R  due  to  insufficient  generator  pov/er 
and  energy  reserve  during  ail  the  time  of  discharge  proceeding.  Here  \J^  is  lower  than  resolution  system. 

At  a  partial  filling  of  discharge  gap  by  plasma  from  the  anode  side  before  applying  voltage,  discharge  begins  from 
spark  phase.  This  is  a  vacuum  discharge  with  plasma  anode.  Plasma  anode  application  allows  to  decrease  intensity  of  AC  - 
interaction  conditioned  by  uncontrolled  generation  of  anode  plasma,  to  increase  the  time  and  beam  current  density  J^. 
Electron  beams  with  Je  ^  1  kA/cm^  tgx  100  ps  and  t3x  3,5  ps  at  the  electron  energy  of  5  - 10  keV  and  -- 100  keV,  respec¬ 
tively,  have  been  obtained  in  the  discharge  with  plasma  anode.  In  the  last  case,  spark  phase  duration  was  limited  by  genera¬ 
tor  discharge. 


SPIE  Vol.  2259/241 


TRIGGERED  VACUUlvI  INTERRUPTER  '^OTTH  A  SWITCHING  ACCURACY  UP  TO  MICROSECOND  UNITS 

D.F,  Alferov,  V.  A  Sidorov,  V.AVozdvijenskii 


All-Russian  Electrotechnical  Institute 
12  Krasnokazarmennaja  st,  Moscow  1 1 1 250,  Russia 


ABSTRACT 

Switching  characteristics  of  the  triggered  vacuum  inteirupter  (TVT;  combining  the  properties  of  vacuum  intem^ter  and 
triggered  vacuum  switch  are  studied.  In  order  to  reduce  the  chopping  current  electrode  insertions  made  of  a  highly  arcing- 
proof  composite  material  are  used.  Along  with  the  expected  low  chopping  current  less  than  1  A  the  TVI  has  good  switching 
capabilities  botli  at  anode  and  catliode  modes  of  operation  with  a  trigger  current  I^.  >  1 00  A  and  trigger  voltage  >  500  V. 

The  effect  of  the  load  on  the  switching  capability  of  the  interrupter  at  the  anode  mode  of  operation  is  investigated.  The 
obtained  results  make  it  possible  to  specify  the  requirements  for  trigger  source  output  parameters  with  the  aim  to  provide  a 
reliable  switching  for  different  polarities  of  the  main  electrodes.  Model  tests  of  TVI  in  power  frequency  networks  showed 
the  possibility  of  its  utilization  under  controlled  switching  with  aii  accuracy  to  microsecond  units  and  keeping  all  the 
properties  of  the  vacuum  interrupters. 


1.  INIRODUCTION 

For  many  applications  in  power  networks  it  is  of  great  promising  to  make  a  vacuum  interrupter  combined  with  a  tinggered 
vacuum  switch  (TVS).  Such  offer  has  been  already  done  in  literature  V  However  it  hasn't  yet  been  realized  to  date. 

The  expected  conditions  of  utilization  of  such  unit,  which  will  be  refereed  to  hereinafter  as  the  triggered  vacuum 
interrupter  (T^/T),  differ  essentially  from  those  of  the  TVS  in  pulse  equipments:  switching  currents  of  (0.1-1)  kA  at  50  Hz; 
trigger  cycle  duration  of  the  order  of  (0. 1  -1 0)  s;  a  charge  per  cycle  is  to  1 000  K;  instantaneous  operating  voltage  range  from 
0.5  to  10  kV;  triggering  is  done  to  an  accuracy  to  tens  of  microseconds  at  any  polarity  of  the  network  voltage.  The  main 
feature  of  the  above  pointed  operating  conditions  are  a  small  value  of  the  current  at  a  large  pulse  dui'ation  and  starting  cycle. 
Here,  high  chopping  currents  are  not  allowable. 

With  regard  for  the  above  given  requirements  a  model  TVI  has  been  designed  on  the  basis  of  a  commercial  vacuum 
interrupter.  The  model  made  it  possible  to  cany^  out  investigations  of  its  starting  characteristics  and  to  determine  optimum 
conditions  of  the  trigger  unit  start.,  The  obtained  results  showed  that  it  is  characteristic  of  a  higli  switching  capability  in  either 
mode  of  operation  (cathode  or  anode)  at  a  trigger  voltage  Uj^  >  500  V.  Tie  interrupter  trigger  unit  ensures  a  persistent 
flowing  of  a  trigger  current  I^  >  20  A  at  1 00  Hz  and  mean  voltage  dr-op  at  thie  trigger  gap  from  25  V  to  30  V.  A  switch-on 
delay  time  of  TVI  when  it  is  started  with  the  cathode  doesn't  exceed  1  ps.  A  mean  value  of  tl'ie  chopping  current  is  on  the 
order  of  (0.5-1;  A 

Thie  paper  gives  the  TVI  scheme  arid  discusses  peculiarities  of  its  bdggering  at  thie  anode  mode  of  operation  taking  into 
account  the  effect  of  parameters  of  loads  of  the  main  discharge  circuit  The  switching  capabilities  of  TVI  has  been  proved  bv 
meaiis  of  its  testings  in  a  50  Hz  network  at  220  V. 

2.  INTERRUI>TER  SCHEME 

The  TVI  is  a  vacuum  interrupter  tube  controlled  in  general  by  travel  of  a  movable  electrode  1 .  A  trigger  unit  containing  the 
dielectric  cylindrical  insertion  between  trigger  2  and  main  electrodes  is  placed  in  tlie  center  of  tlie  fixed  electrode  3.  Tie 
electrode  system  scheme  is  presented  in  Fig.  1.  In  order  to  reduce  a  chopping  current  at  the  mam  electrode  surface  a  highily 
arcing-proof  comjr^osite  material  insertions  are  soldered  in,  Measurements  were  done  at  the  electrode  contact  surfaces 
spaced  to  5  mm.  In  this  case  a  rninimuiri  distance  between  the  trigger  unit  and  opposite  electrode  si.u'face  was  about  9  rrrn.  At 
application  of  a  control  pulse  to  the  trigger  electrode  Uie  T/I  connects  quickly  tlie  network  with  tlie  load  at  a  specified 
voltage  phase.  VThen  the  trigger  cycle  is  terminated  a  command  to  close  tlie  movable  elecU’ode  is  given  and  the  inteirupter  is 
switched  on  completely. 
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3,  SWITCHING  ON  CONDITIONS  OF  THE  TVI  IN  ANODE  MODE  OF  OPERATION 

After  the  control  pulse  is  applied  a  triggering  plasma  is  formed  close  to  the  anode  surface.  At  the  moment  of  approaching 
the  triggering  plasma  to  the  cathode  a  space  charge  layer  (a  near-cathode  layer)  is  produced  in  the  vicinity  of  its  surface  The 
generated  layer  is  subjected  to  practically  the  whole  voltage  value  occurred  at  the  interelectrode  gap.  In  a  prebreakdown 
phase  until  cathode  spots  are  appeared  a  discharge  is  of  a  self-dependent  nature.  In  this  phase  the  current  in  the  near-cathode 
layer  consists  of  electron  Ig  and  ion  Ij  components. 

_eU 

I  =  Ij  +  le  =  f-It  -  S-e-ng-Vg-e  kTg 

where  S  -  the  area  under  the  space  charge  layer,  e,  Ug,  Vg  and  Tg  -  the  charge,  density,  thermal  velocity  and  temperature  of 
electons,  respectively.  A  change  in  the  ion  current  versus  the  time  imitates  practically  dynamics  of  the  trigger  current.  Its 
amplitude  is  proportional  to  the  trigger  current  amplitude.  The  proportionality  factor  f  depends  on  the  trigger  unit  electrode 
material  and  in  our  case  it  is  5-1 0'^.  An  electi'on  component  is  defined  by  a  Boltzman  distidbution  under  deceleration  regime 
^d  decreases  exponentially  with  increasing  the  voltage  U  at  the  layer,  A  prebreakdfown  current  in  the  layer  specifies  the 
field  stren^  Ej,  at  the  cathode.  If  exceeds  a  certain  field  strength  value  E^br  a  breakdown  of  the  near-cathode  layer  takes 
place  and  the  TVI  is  switched  on  ,  If  the  prebreakdown  current  is  determined  mainly  by  the  ion  component  the  conditions  of 
the  layer  breakdown  can  be  represented  as  follows:^ 


It(t)^/U(t)  >  G,  G 


d^  2 


(2) 


Here,  d  -  the  minimum  distance  from  the  trigger  unit  to  the  cathode,  M  -  molecular  ion  wei^it.  The  value  of  Ei,t,r  depends 
on  the  cathode  material  and  its  surface  condition. 

Let  us  consider  the  dynamics  of  the  current  in  the  near-cathode  layer  for  the  case  of  switching  on  TVI  in  a  low-frequency 
LC  circuit  at  a  starting  voltage  Uq  (Fig.  1).  Let  us  assume  that  the  triggering  plasma  is  quasi-neutral  and  propagates 
isotropically  from  the  trigger  unit:  ne=2nj=f-y2n-d2.z-e-vi,  where  z  -  the  mean  ion  charge,  vj  -  the  averaged  drift  ion 
velocity.  Taking  into  account  a  comparatively  low  prebreakdown  phase  duration  tT;«T=27t\^  one  may  obtain  tiie  following 
set  of  equations,  describing  the  dynamics  of  the  discharge  current  (3  «  27t-d2) 


TJ  =  U,,-L 


dl 


eU 


'dt 


I  =  f-It(I-~-e  kTe) 


(3) 


According  to  (3)  two  main  conditions  of  the  current  dynamics  may  be  singled  out  as  a  function  of  and  Uq  (when 
estimating  boundary  conditions  assume  v^/vj «  ]  o2,  »  5  eV). 

<^t  Uo 

Provided  f--^«  (iU|>  35  V)  the  current  in  the  discharging  gap  is  only  defined  by  a  trigger  current  I(t)  «  f-I^Ct).  In 

this  case  the  highest  probability  of  realization  of  the  breakdown  conditions  takes  place  close  to  a  maximum  Ij-  when  dl}./dt=0 
(U=Uq)  and  ion  density  in  the  layer  is  maximum. 

Uq  _ 

L  ’  ^  discharge  current  is  representative  of  significant  electron  components  and  dynamics  of 

the  current,  is  specified  by  parameters  of  the  external  circuit.  Here,  breakdown  condition  (2)  can't  be  satisfied  till  I;  >  ^  -t, 

^  L  ^  discharge  current  occurs  as  a  result  of  reduction  in  thie  particle  density  in  the  layer.  At  this 

moment  (dl/dt<0)  tfie  voltage  U  increases  abruptly  and  fulfillment  of  condition  (2)  becomes  probable. 
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Hie  duration  tj  of  the  unipolar  half-wave  trigger  current  pulse  with  amplitude  may  be  estimated  provided  a  breakdown 
takes  place  at  the  trigger  current  value  close  to  its  maximum 

(4) 

It  is  to  be  pointed  out  solution  of  (3)  makes  it  possible  to  estimate  triggering  plasma  parameters  (vJv.  and  ?»)  under  field 
testing  conditions 


4.  EXPERIMENTAL  RESULTS 

At  the  first  stage  of  investigations  conditions  of  the  discharging  gap  breakdown  were  determined  as  a  function  of  a 
trigger  current  amplitude  at  tj^300  p-s.  The  measurements  were  carried  out  by  using  the  technique  described  in^  at 

U=const.  The  obtained  results  are  depicted  by  a  relation  of  2:  4-\0^[A.  -  which  agrees  well  with  (2). 

Subsequently,  to  ensure  a  reliable  TVI  switch  on  in  the  whole  range  of  operating  voltages  Uo=(0'2-2)  kV  the  trigger  current 
amplitude  was  Ij^^j  w  1 60  A 

Studies  of  TVI  switching  capability  at  the  anode  mode  of  operation  were  performed  by  means  of  a  single  start  in  a  low- 
frequency  LC  circuit  (Fig.1;  C  600  [iF;  L  «  600  |iH).  At  lUJ  <  200  V  (f-dit/dt  >  Uq/L)  the  voltage  across  the  TVI  drops 
sharply  practically  to  zero  immediately  after  a  trigger  pulse  has  been  applied.  A  value  of  the  prebreakdown  current  is  defined 
in  this  case  by  parameters  of  the  external  circuit.  Here,  a  drop  of  the  voltage  and  increase  of  the  current  are  of  a  monotonous 
character.  If  (Uq|  1 50  V  then,  at  the  trigger  ciurent  decrease  (at  twZTO  ps),  events  of  the  discharge  current  chopping  are 
observed  and  upon  significant  oscillations  the  voltage  is  restored  to  the  starting  U^. 

l^of  ^  300  y  (f-dij/dt  ^  Uq/L)  the  beginning  portion  of  the  current  increase  is  determined  by  the  ion  component  of  the 
current  Typical  current  and  voltage  oscillograms  for  such  case  is  shown  in  Fig.  2.  This  condition  is  characteristic  of 
noticeable  voltage  oscillations  in  the  prebreakdown  phase  of  the  discharge.  Their  appearance  may  be  erqslained  by  an  inherent 
nonmonotonicity  of  the  ion  current  A  change  in  the  ion  current  derivative  versus  the  time  leads  to  bumps  in  the  voltage  AU  ~ 
L-dIt/dt  With  increasing  IUqI  an  averaged  drop  in  the  voltage  across  the  gap  |U|  =  [Uq  -  L-f-dIt/dt|  also  increases.  After  a 
breakdown  has  occurred  the  voltage  1U|  decreases  quickly  down  to  zero.  At  this  moment  a  bend  is  taken  place  in  the  current 
curve  as  its  rate  of  rise  increases  drastically  to  cD/dt «  Uq,!,. 

Voltage  oscillations  in  the  breakdown  phase  may  be  practically  fully  excluded  by  means  of  shunting  the  TVI  with  a  RC 
circuit.  Parameters  of  the  circuit  (R  <  Uq/SFI^  and  C  >  t5/2R)  were  chosen  so  that  a  prebreakdown  current  is  defined  by  the 
ion  current  flowing  through  RC  circuit  and  U  «  Uq. 

To  verify  switching  characteristics  of  the  TVI  at  a  frequency  operation  it  was  tested  in  a  commercial  frequency  circuit  at  a 
network  voltage  of  220  V.  The  testing  oscillograms  are  given  in  Fig.3.  If  the  TVI  is  triggered  close  to  the  maximum  voltage 

IIm°“220*'\^  «  3 1 0  V  it  is  switched  on  both  at  a  negative  and  positive  voltage  polarity.  Ri  the  case  of  shifting  the  trigger  phase 
there  are  events  of  a  failure  in  switching  on  the  anode. 


5.  CONCLUSION 


The  cycle  of  investigations  carried  out  on  a  model  TVI  showed  the  possibility  of  using  it  for  a  fast  controlled  switching 
on  with  maintaining  all  characteristics  of  the  vacuum  interrupter. 

Tlie  investigation  of  the  TVI  switching  capability  under  anode  mode  of  operation  made  it  possible  to  found  out  the  effect 
of  load  parameters  on  development  of  the  prebreakdown  discharge  phase.  As  a  result  of  this  breakdown  conditions  at  the 
discharging  gap  were  defmed  as  a  function  of  parameters  of  the  control  current  pulse  and  external  circuit.  Optimum 
parameters  of  the  control  unit  ensured  a  reliable  triggering  TVI  in  anode  and  cathode  modes  of  operation  at  frequency 
conditions  are  estimated. 
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ABSTRACT 

The  small-size  sealed-off  triggered  vacuum  switch  TVS-7  designed  to  switch  current  pulses  to  1 0  kA  at  hi^  repetition 
rate  to  1  kHz  and  maximum  voltage  to  25  kV  is  described.  TVS  switching  characteristics  are  studied  systematically  versus  the 
trigger  current  parameters  for  different  polarities  of  the  main  electrodes.  It  is  shown  the  TVS  ensures  a  monotonous  current 
rise  of  submicrosecond  duration  with  a  rate  of  current  rise  up  to  1 0^  ^  A/s  and  a  minimum  switch-on  delay  time  of  50  ns  at  a 
trigger  current  amplitude  of  I^^l  00  A  In  the  cathode  mode  of  operation  the  TVS  is  reliably  triggered  with  reducing  of  trigger 
current  up  to  Ij-^l  A  But  in  this  case  current  and  voltage  oscillations  occur  at  an  initial  discharge  development  stage.  This 
unstable  stage  of  discharge  burning  is  subjected  to  investigation.  A  minimum  trigger  energy,  of  about  10  mJ  is  required  to 
ensure  stable  conditions  of  discharge  burning  with  any  polarity  at  the  main  electrodes.  Under  the  condition  power  losses  at 
switch-on  stage  of  the  TVS  are  substantially  reduced  in  comparison  with  those  of  traditional  vacuum  switches.  This  became 
possible  because  of  the  use  a  two-stage  trigger  system  of  the  erosion  type  and  a  small  main  vacuum  gap, 

1. INTRODUCTION 

Progress  in  the  pulse  technique  makes  more  and  more  increasing  demands  to  switching  devices  intended  to  provide  fast 
and  reliable  connection  of  the  energy  accumulators  both  under  monopulse  mode  of  operation  at  currents  to  hundred 
kiloamperes  with  a  pulse  duration  to  several  millisecond  and  high“r‘^^tition-rate  mode  at  currents  from  units  to  tens  of 
kiloamperes  with  a  pulse  duration  from  hundreds  of  nanoseconds  to  tens  of  microseconds.  The  application  of  triggered 
vacuum  switches  (TVS)  to  meet  these  requirements  is  hi^ly  promising^ .  These  devices  are  filamentless  three-electrode 
sealed-off  units,  the  residual  gas  pressure  in  which  doesn't  exceed  Pa,  They  are  capable  to  switch  on  quickly  (for  less 
than  1  ^is)  and  to  operate  over  a  wide  range  of  voltages  and  ciirrents:  U=(l-100)  kV;  I=(0. 1-200)  kA  The  TVS  is 
characteristic  of  rapid  recovery,  compactness,  noiseless,  fire-proof,  ecological  purity  in  production  and  operation,  reliable 
service  in  a  vast  variety  of  environmental  conditions. 

At  present  the  TVS  is  used  mainly  in  high  current  applications  having  comparably  high  pulse  duration  from  tens  of 
microsecond  to  units  of  milliseconds^*^.  In  the  case  of  shorter  submicrosecond  pulses  with  a  rate  of  rise  of  the  current  over 
10^  ^  A/s  energy  losses  at  the  initial  stage  of  discharge  development  are  essentially  increased  This  is  due  to  the  occurrence 
of  unstable  condition  of  burning  discharge  accompanied  by  current  and  voltage  oscillations^. 

The  present  work  considers  switching  parameters  of  a  small-size  sealed-off  high-repetition-rate  triggered  vacuum  switch 
(type  TVS-7).  By  choosing  an  adequate  trigger  gap  geometry  and  respective  trigger  conditions  the  starting  losses  were 
considerably  reduced. 


2.  TVS-7  FEATURES  AND  TEST  CONDmONS 

The  TVS-7  design  was  specified  by  requirements  to  ensure  a  high  rate  of  current  rise  above  10^^  A/s  at  a 
subrnicrosecond  pulse  duration,  to  withstand  a  maximum  voltage  (to  25  kV)  across  the  gap  and  to  reduce  start  energy  losses 
to  level  under  1 0%  of  the  full  switching  pulse  energy.  The  TVS-7  tube  comprises  two  ceramic  cylinders  of  36  mm  in  outside 
diameter  and  100  mm  inhei^t,  connected throu^  a  flat  copper  sealing  which  is  at  the  same  time' a  cathode  holder  (Fig.!). 
The  main  electrodes  are  mounted  inside  ceramic  cylinder  1 .  Cylinder  2  serves  as  an  insulation  for  a  triggering  electrode.  To 
reduce  the  tube  size  the  'D/S-T  is  made  without  a  separate  s»2reen  system  unlike  the  other  types  of  the  sealed-off  TVS^»^.  For 
a  specified  rate  of  current-rise  to  be  ensured  a  double-stage  trigger  system  is  used  that  proved  well  itself  in  TV3-3^,  The 
minimum  interelectrode  main  gap  was  about  3  rnm. 

A  testing  circuit  of  the  T'/S-7  is  presented  in  Fig.  1 .  The  trigger  circuit  is  charged  to  U^.  and  discharged  to  the  TVS  trigger 
system  through  a  control  switch  SI,  When  SI  is  started  trigger  electrode  3  is  applied  with  voltage  U^  resulting  in  a 
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br.«o«n  *  th,  »tac.  of  tho  onit  di.l.c«o  Wioa  Occ^»o.  of  Ihe  °oo5 

tran^^^oidal  current  pulse  whose  amplitude  is  controlled  by  change  of  voltage  UfCl-S)  kV  ajid  lesistance  Kt  luuuj 
oSn  To  decrease  the  circuit  inductance  L  to  300  nH  the  main  test  oscillatory  circuit  LC  is  coaxial.  At  storage  capacitan 
^2^  the  wave  circuit  resistance  was  about  3  Ohm.  Several  microseconds  prior  to  aF^licaUon  j 

Spacitance  C  was  charged  to  voltage  Uo=C0.5-20)  kV  by  switch  32,  The  32  trigger  circuit  is  similar  to  this  of  31  shown 
Fig.  1 .  Type  triggered  vacuum  switches  served  as  switches  31  and  o2. 

I.  kn  I 


li  Rj 

L/Oi 


Fig,  1  Schematic  of  TVS-tube  and  lest  circuit , 


O.I  OA 

Fig  2  Typical  current  and  voltage  pulses  at  cathode  mode  of 
Operation . 


3  .  TEST  RESULTS 


3.1.  Cathode  mode  of  operation 

A  minimum  value  of  the  breakdown  voltage  at  the  trigger  unit  is  dependent  of  the  relationship  between  mam 
cun^SidtSgger  current  parameters  that  is  characteristic  of  the  erosion  firing  mechanism.  So.  at  a  trigger  cuirent  above 
LTeSip"  main  cnmBt  a  minimnm  trigg«-  unit  breakdown  eoltage  ™  (2-3)  kV.  Wift  decreaaing  the  trigger 

current  the  breakdown  voltage  drops,  being  below  1  kV  at  If  on  the  order  of  several  Amperes, 

Ihe  main  discharge  development  depends  on  the  trigger  current  fonn  and  valueS  ^ere  are  two  main  ^ 

behaviour:  an  unstable  burning  at  the  initial  main  current  development  phase  followed  with  current  md  voltage  oscillations 
and  steady-state  current  flow  at  a  monotonous  rise  of  the  current  and  decrease  of  the  voltage.  Realization  of  eiAer  of  the 
modes  is  defined  by  the  relationship  between  main  discharge  current  and  tri^er  current  parameters.  A  steady  state  process 
TfeiLchS  SUbut  in  die  wholb  mnge  of  opemting  vutege.  .t  ta  pl.«  .1  It>100  A 

current  front  duration  of  50  ns.  Topical  current  and  voltage  oscillograms  at  tfiese  conditions  are  presented  in  Fig.2.  Ih 
trigger  current  duration  corresponds  to  about  a  quarter  of  the  main  current  period.  Changes  in  currert  and  voltage  with  time  u 
ifroleTady.  Avoltage  drop'^dui-ation  during  discharge  cuirent  rise  doe^-t  exceed  100  ns. 

form  of  time-dependent  cmrent  and  voltage  are  maintained  up  to  the  discharge  current  amplitude  ^-(300-500)  A  to 
irequent  decreasing  I^  the  current  is  turned  off  when  it  crosses  zero  and  the  TVS  passes  only  the  first  half-wave  ^  the 
discharge  current,  A  switch-on  delay  time  t^  decreases  with  increasing  in  the  trigger  current.  A  minimum  delay  time  td=(40  - 
50)  ns  was  obtained  at  1^=300  A 

It  should  be  pointed  out  TVS  start  energy  losses  at  these  conditions  are  low  and  practically  negligible  at  the  level  of 
measifement  emors.  The  active  resistance  of  the  discharging  circuit  estimated  through  the  damping  of  discharge  client 
sinusoidal  oscillations  amount  to  ~  0.25  Ofim.  Ihe  minimum  energy  consumed  in  tlie  trigger  unit  circuit  to  ensure  steady 
state  conditions  isn't  higher  than  1 0  mJ, 

At  comparatively  small  trigger  current  (below  a  threshold  one  for  a  given  charge  voltage)  current  and  voltege  oscillations 
take  placet  the  front  of  the  discharge  cuirent  and  at  the  drop  in  the  voltage.  At  Uo-20  kV  such 

marked  by  a  small  cuirent  peak  (<20%  of  the  amplitude)  at  the  beginning  of  the  voltage  decrease.  The  duration  of  the 
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unstable  phase  and  number  of  oscillations  increase  with  reducing  Uq  at  a  fixed  trigger  current  Ihe  switch-on  delay  time  at 
the  given  conditions  is  »» (200-400)  ns  if  defined  upon  finishing  the  unstable  discharge  burning  phase.  The  presence  of  the 
unstable  phase  leads  to  appreciable  energy  losses  during  the  turn  on  event.  These  losses  estimated  through  a  decrease  in  the 
first  discharge  current  half-wave  amplitude  relative  to  a  calculated  one  at  U^;j,=20  kV  are  about  5%. 

3,2.  Anode  mode  of  operation 

The  anode  mode  of  operation  is  carried  out  by  application  of  a  negative  polarity  voltage  Uq<0  to  bottom  electrode  5 
(Fig.  1).  In  this  case  the  upper  electrode  4  remains  to  be  grounded.  At  the  conditions  after  a  number  of  the  first  switching  on 
the  trigger  voltage  required  to  break  tidgger  gaps  increases  abruptly.  An  absolute  magnitude  of  the  minimum  voltage  when 
a  trigger  unit  is  broken  reliably  can  be  a  little  reduced  to  kV  by  reversing  the  trigger  electrode  polarity  Vi<0, 

Upon  a  breakdown  at  the  trigger  gap  the  plasma  formed  at  the  anode  propagates  into  the  main  vacuum  gap  and  an  ion 
current  starts  passing  in  the  main  discharge  circuit  It’s  value  is  limited  by  conductance  of  the  space  charge  layer  between  the 
anode  plasma  emission  surface  and  cathode  surface.  And  if  the  voltage  at  the  vacuum  remains  constant  the  form  of  the 
ion  current  repeats  qualitatively  the  trigger  current  form  with  a  front  and  drop  prolonged  in  time.  A  delay  in  the  ion  current 
appearance  against  the  beginning  of  is  attributed  to  the  time  of  the  trigger  plasma  propagation  to  the  cathode.  Ihc  ion 
current  amplitude  at  comparatively  low  anode  voltage  Uq<5  kV  is  about  of  8%  of  the  ti*igger  current  an^litude. 


Breakdown  conditions  in  the  main  gap  depends  essentially  on  the  relationship  between  a  trigger  current  and  voltage 
across  the  main  gap^.  At  a  fixed  a  probability  of  a  breakdown  drops  with  decreasing  from  unity  to  practically  zero.  By 
using  the  technique  minimum  trigger  current  Itmjn  voltage  necessary  to  switch  on  TVS  reliably  were  defined.  The 

-1  2 

obtained  relationships  are  approximated  by  a  function  of  Itniin'"  which  differs  essentially  from  a  similar 

relationship  for  a  TVS  with  an  external  plasma  source^.  The  cause  of  this  phenomenon  isn't  yet  clear  for  us.  To  explain  it 
additional  model  experiments  have  to  be  carried  out.  But  it  is  worth  noting  in  the  case  of  the  conditioned  trigger  unit  when  its 
internal  resistance  becomes  infinite  (above  10^  Ohm)  high  frequency  oscillations  with  a  period  of  10-30  ns  and  a  double 
amplitude  of  10  A  occur  in  trigger  and  ion  currents.  In  our  opinion  s^pearance  of  such  oscillations  make  the  breakdown 
process  essentially  nonstationary  (t^e  time  become  comparable  with  a  fli^t  time  of  near-cathode  layer  ions)  leading  to  a 
higher  probability  of  a  breakdown^  In  tiiis  case  the  breakdown  takes  place,  as  a  rule,  at  the  front  of  the  ion  current.  The 
obtained  data  on  measurements  of  the  switch-on  delay  time  justify  this.  The  delay  time  remains  practically  constant  w  100 
ns  in  a  wide  range  of  trigger  currents  I^=(2-100)  A  and  voltages  Uq=(5-20)  kV.  Typical  current  and  voltage  oscillograms 
taken  at  significant  exceeding  the  threshold  breakdown  conditions  are  shown  in  Fig4. 


Fig  3  TVS  switch-on  condition  at  anode  mode  of  operation. 

-1  2 

The  curve  is  defined  by  eq.  • 


Fig4  Typical  current  and  voltage  pulses  at  anode  mode  of 
operation . 
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3.3.  High-repetition"rgte  test 


TVS  was  tested  on  a  hi^  repetition  rate  of  1  kHz  at  Uq==44  kV,  ^  ®  pnhe  duration  of  1  \xs  under  forced 

air  cooling.  It  was  subjected  to  1 0^  switches  on  and  no  markable  changes  in  its  electrical  characteristics  were  found  out. 

4.  CONCLUSION 

Ihe  new  high-repetition-rate  triggered  vacuum  switch  TVS-7  developed  in  VEI  showed  the  c^ability  to  switch 
submicrosecond  pulses  at  a  rate  of  rise  of  the  current  higher  than  10^  ^  A/s  at  any  polarity  of  the  main  electrodes,  The 
minimum  trigger  energy  at  a  steady  state  switch  condition  is  1 0  mJ  in  the  whole  range  of  operating  voltages  of  ±(1  -20)  kV. 
The  use  of  a  double-stage  erosion  triggering  system  and  a  small  main  gap  enables  to  considerably  reduce  energy  losses 
during  the  tum-on  evei^t  over  those  of  conventional  vacuum  switches. 
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ABSTRACT 


The  paper  considers  pulsed  power  repetitive  systems  using  plasma  opening  switches  (POS).  The 
solutions  of  a  row  of  technical  problems  connected  with  both  repetitive  operation  of  accelerator  having 
high  peak  power  and  x-ray  radiation  converter  are  proposed.  These  machines  are  to  be  prospective  for 
advanced  radiation  technologies. 


Within  the  frames  of  military  conversion  a  certain  class  of  pulsed  electron  accelerators  previously 
used  for  military  purposes  comes  to  radiation  industrial  technologies.  In  these  technologies  for  example  in 
potable  water  decontamination  or  wasted  water  disinfecting  in  big  cities  the  average  power  of  10  MWt 
and  the  electron  beam  energy  of  5-10  MeV  are  required.  According  to  Dr.  G.Yonas  l  the  prospective 
ways  to  realize  mentioned  parameters  lay  in  the  concepts  possessing  high  peak  power. 

One  of  the  ways  recently  being  developed  for  pulsed  power  accelerators  is  an  inductive  storage 
system  with  a  plasma  opening  switch  (POS).  The  experimental  level  allows  to  establish  the  principal 
appropriates  of  POS  operation  and  to  create  POS-based  machines  in  a  wide  range  of  parameters.^ 

In  1991  the  first  repetitive-ray  generator  RS-20  which  uses  POS  was  constructed.  The  parameters 
are  as  follows:  electron  beam  current  20  kA,  electron  energy  -  2-3  MeV,  average  power  20  kWt, 
repetition  frequency  2-4  Hz.^ 

POS  Voltage  increase  up  to  5-10  MeV  requires  drive  current  increase  up  to  values  substantially 
higher  than  100  kA  to  provide  a  magnetic  insulation.  With  these  parameters  of  peak  power  reaching 
average  power  of  MegaWatt  is  possible  with  repetition  frequencies  up  to  10  Hz.  POS  operation  analysis 
shows  that  there  are  no  physical  limitations  regarding  these  parameters  disinfecting 

Two  year  period  of  RS-20  exploitation  allowed  to  clear  up  and  to  resolve  a  row  of  problems 
stipulated  by  repetitive  regime  of  accelerator  operation. 

The  machine  uses  4  20-stage  Marx  pulse  voltage  generators  with  1  MV  output  voltage  as 
primary  source.  Marx  generators  are  placed  around  the  insulator  close  to  its  surface.  The  potential  of 
gradient  rings  is  determined  by  the  stage  voltages.  Mar  generator  inductiveness  is  minimized  due  to  the 
fact  that  each  stage  constitutes  a  circuit  containing  a  capacitor  and  a  switch  and  a  magnetic  fields  of 
adjacent  circuits  go  opposite  directions.'*  This  connection  allows  to  reduce  the  inductiveness  of  the  one 
stage  of  Marx  generator  20%  as  low  as  that  of  the  single  circuit  including  capacitor  and  triggering 
switch. 
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A  POS  anode  illustrated  in  Fig.l  looking  like  a  "squirrel's  cage"  is  made  from  brass  with  a 
diameter  changing  in  a  longitudinal  direction.  The  rods  inserted  into  the  ring  are  placed  at  the  high- 
voltage  drive.  This  design  ^  allows  to  reduce  electron  component  of  the  current  to  the  anode  hence 
increasing  its  transparency  with  plasma  volume  shifting. 


Fig.l.  RS-20  generator  POS  scheme;  1  -  12  plasma  guns,  2  - 
deflector,  3  -  diode  cathode,  4  -  anode  holder,  5  -  x-ray  converter, 
6  -  POS  anode  (a  ring  from  a  stainless  steel),  7-  32  anode  rods,  8 
-  tungsten  rods 


Fig.  2.  A  new  concept  of  POS  for  repetitive  generator.  1  -  Marx 
generator,  2  -  high  voltage  insulator,  3  -  vacuum  chamber,  4  - 
plasma  guns  (placed  at  the  cathode),  5  -  x-ray  target  (POS  anode). 

allows  to  increase  the  average  power  density  up  to  50 
without  a  drop  in  a  dose  rate  of  x-ray  radiation. 


Plasma  guns  are  placed  at  the 
butt-end  of  POS  cathode^  having 
ground  potential.  With  a  flashover  of 
plasma  gun  dielectric  surface  plasma 
goes  longitudinal  direction  toward 
deflector  and  fills  POS  radial  gap.  This 
design  allows  to  protect  plasma  gun 
dielectric  surface  from  an  ion 
bombardment  and  so  to  prevent  gas 
emission  from  its  surface  and  to 
increase  the  resource.  Diode  is  switched 
in  parallel  to  POS  where  its  anode  is 
used  as  x-ray  radiation  converter.  The 
exploitation  show  an  advisability  of 
charging  resistor  substitution  with  a 
specially  constructed  inductiveness  that 
resulted  in  energy  losses  decrease  in 
elements  used  for  charging  from  7% 
down  to  1%  and  enhanced  the 
reliability  of  the  Marx.  Under  testing 
with  active  load  the  density  of  power 
transformed  by  the  Marx  generator  was 
SOkWtW. 

The  specially  designed  multi¬ 
layer  target  is  used  to  reach  the  goal  of 
x-ray  converter  high  durability.  High 
pulsed  power  of  the  beam  results  in  fast 
lO^-lO^  pulses  destruction  of  tungsten 
(or  tantalum)  target  (having  optimum 
sickness  for  a  dose  power)  with  an 
average  power  density  20  Wt/cm^. 
Using  combined  target  made  from 
several  layers  of  materials  (see  Fig.3) 
Wt/cm^  and  durability  up  to  10"^  pulses 


A  new  scheme  of  POS  is  proposed  in  which  the  plasma  volume  is  placed  into  the  break  of 
outer  electrode  of  a  vacuum  coaxial  line  as  it  given  in  Fig.2.  In  the  scheme  a  magnetic  field 
pressure  of  the  drive  current  going  at  coaxial  line  pushes  plasma  in  a  radial  direction  resulting  in  a 
decrease  of  both  plasma  density  and  current  being  interrupted.  This  scheme  has  prospects  from  a 
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Fig.  3.  A  scheme  of  multi-layer  target.  1  -  protective  layer  (carbon 
p=0.06  g/cm^),  2  -  higly  dispersed  tungsten  or  tantalum  (p=l 
g/cm^),  supporting  layer  (carbon p=0.2  g/cm^). 


viewpoint  of  x-ray  emission 
increasing  because  all  electron  part 
of  the  drive  current  comes  to  the  x- 
ray  converter. 

Experiments  on  a  sterilizing 
at  the  RS-20  generator  show  that  the 
sterilizing  which  uses  x-ray  pulse 
radiation  with  the  high  peak  dose 
rate  is  preferable  and  requires  lower 
doses  than  a  continuous  irradiation 
does. 
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Introduction 

We  made  some  experiments  on  "Angara-5-1"  (2-3  MA,  100  ns) 
[1],  using  low  linear  mass  liner  (10-40  mkg/cm  )  as  a  part  of 
double  Z-pinch.  The  low  mass  liner  surrounded  coaxially  a 
cylindrical  load  of  higher  mass  (100-200  mkg/cm) .  Current 
instability  and  poor  compression  of  the  low  mass  liner  were 
specific  features  of  that  inhomogeneous  Z-pinch.  We  registered 
—  0.5  TW  pulse  of  soft  X-ray  radiation  from  inner  load  in  the 
instability  moment.  We  treat  the  effect  as  a  Plasma  Opening 
Switch  (POS)  process  in  external  current  shell  of  double  pinch. 

Schematic  of  an  experimental  devise 

Schematic  of  target  unit  of  the  parallel  double  pinch  is 
shown  at  Fig.l  .  it  was  proposed  and  investigated  as  a  double 
liner  scheme  for  inertial  confinement  fusion  in  [2].  In  our 
experiments  cathode  nozzle  could  produce  a  low  mass  annular  flux 
of  Xe  with  linear  mass  M^^^^  =10-40  mkg/cm,  2-3  cm  diameter  as  an 

external  shell.  Microcellular  foam  inner  loads  (agar-agar,  doped 
20%  KCl  and  20%  Mo)  200-300  mkg/cm  of  1-3  mm  diameter  were 
situated  at  the  axis  of  the  nozzle  between  solid  cathode  and 
anode  net,  cathode— anode  gap  being  of  1  cm.  A  current  1=2—3  MA, 
iOO  ris  passed  through  the  double  pinch  in  the  experiment. 

Visible  light  streak-camera  was  used  with  two  slits-  radial 
at  the  middle  of  the  gap  and  axial,  directed  along  pinch  axis. 
X-ray  streak  -  camera  with  radial  slit  and  collimated  X-ray 
filtered  diodes  (XRD)  were  used  for  soft  X-ray  time-resolved 
measurements.  Time  integrated  X-ray  spectrometer,  X— ray  pinhole 
cameras  were  used  as  well. 

Experimental  results 

In  our  experiments  low  mass  current  shells  became  unstable 
at  rather  small  compression  ratios.  Visible  light  streak  pictures 
show  radial  and  azimuthal  splitting  of  lighting  layers  of  current 

instability  occurs  in  the  beginning  of  current 
shell  compression.  Shell  stops  its  radial  movement  and  the  inner 
foam  load  bursts  into  shining  in  2-3  ns  at  this  moment,  axial 
^  iridicates  simultaneous  lighting  of  whole  length  of  the 
pinch.  Some  nanosecond  later  another  wave  of  radiation  passes  in 
axial  (from  cathode  to  anode)  direction  through  the  pinch  with 
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the  velocity  of  ~10  cm/s.  After  that  an  axial  inhomogeneity  of 
its  lighting  occurs.  XRD  signals  have  two  oscillating  maximums: 
the  former  coincides  with  the  beginning  of  foam  load  flash  ,  the 
latter  related  to  the  total  compression  of  Z-pinch  (Fig. 3).  Time 
integrated  pinhole  camera  shows  nicely  shaped,  nonexpanded  foam 
load  and  intensive  X-ray  radiation  from  the  axis  of  the  foam. 
This  radiation  has  an  axial  inhomogeneity,  and  a  fine  tubular 
structure  in  some  cases  (Fig. 4).  Time-  and  space-integrated  X-ray 
spectrum  shows  He-  and  H-like  K  and  Cl  lines  as  for  20%KCL 
doping,  so  for  20%KCl+20%Mo  doping  of  the  foam  load.  Ne-like  Mo 
spectral  lines  are  rather  intensive  as  well.  It  allows  to 
conclude  that  significant  part  of  foam  plasma  has  an  electron 
temperature  of  ~  IkeV  . 

Discussion 

Two  alternative  explanations  of  the  sharp  X-ray  pulse  from 
inner  load  are  possible: 

l.The  current  instability  generates  an  anomalous 

resistivity  in  external  current  shell  and  the  POS  process  in  the 
double  pinch.  In  that  case,  the  current  of  1-2  MA  could  switch 
itself  from  external  shell  to  inner  foam  load  during  some 


nanosecond,  giving  more  then  lO^^A/s  of  dl/dt  value,  and 
producing  the  X-ray  pulse  as  a  result  of  current  compression  and 
heating  of  the  inner  load.  A  theory  of  anomalous  resistivity  of 
low  density  high  current  plasma,  based  on  the  Electron  MHD  [3,4], 
can  explain  POS  effect  in  our  case.  The  theory  proposes  a 
criterion  of  its  validity  as  it  is  equivalent  to 

(a}p..a/c)<l  ,  (1) 

where  v  -  electron  current  velocity,  V^-  Alfven  velocity,  a  - 

specific  size  of  plasma,  (for  example,  liner  plasma  length  or 
thickness),  c  -  light  velocity,  W  .-  plasma  ion  freguency.  This 

criterion  is  fulfilled  for  parameters  of  Z-pinches  plasma  in  our 
experiments.  So,  as  follows  from  [3],  the  anomalous  conductivity 
(Jeff  can  be  used  to  explain  the  POS  process  in  our  case  : 

*^eff  -  ^spitzer'^^^  ^  ^He^ei^ 

The  Hall  parameter  is  in  our  case.  Current  plasma 

erosion  decreases  plasma  density  as  [3]  : 


ne(t)->0 


f 

and 

For  fixed  current 


t->t,  and  POS  process 
MA  and  liner 


'A 

I  =  1-3 


Conseguently , 
happens  at  t  =  t^ 
parameters  given,  t^  -  60-  20  ns. 

A  criterion  of  other  instability,  the  ion  sound  instability. 
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V  >  C  ,  can  be  fulfilled  for  rather  wide  band  of  parameters  of 

the  external  current  shell  as  for  this  experiment,  so  for  the 

experiment  [2],  using  greater  linear  mass.  Here  C  is  an  ion 

s 


sound  velocity.  The  condition  v  >  C  can  be  re-written  as 

For  I  =  2  MA  ,  =  180  mkg/cm'^  it  is  valid,  if  Z^<5, 


2 .  An  alternative  proposal  ,  based  on  radiative  MHD 
simulations  [5]  ,  explains  the  experimental  data  as  a  result  of 

fast  shock  wave  generation  in  Xe  shell.  Really,  in  a  current 
shell  plasma  with  multicharged  ions,  a  thermal  pressure  is  small 
comparing  with  magnetic  pressure  due  to  radiative  losses.  An 
intensive  shock  wave  ,  generated  by  the  current  shell  in  a  fading 
inner  profile  of  annular  external  gas  ,  accelerates  ions  to  the 
velocity,  greater  then  implosion  velocity  of  current  shell.  The 
ions  can  have  rather  high  energy  in  comparison  with  plasma 
temperature.  For  example,  Xe  ion  with  velocity  v.=  5.10^  cm/s  has 


kinetic  energy  J.50  keV,  the  thermal  ion  energy  being  only  30-50 
eV.  This  ion  flux  can  deliver  its  energy  to  inner  load  earlier 
the  moment  of  current  shell  compression  ,  being  responsible  at 
least  for  the  former  maximum  of  X-ray  radiation. 


We  are  reluctant  to  insist  strongly  on  the  POS  process, 
because  we  have  not  direct  measurements  of  a  current  in  the  inner 
load  now.  But  some  indirect  witness  of  current  effects  in  the 
foam  load  ,  as  an  inhomogeneous  radiation  of  foam  plasma  at  the 
axis,  "hot  spots",  which  are  usual  for  high  current  dense  Z- 
pinches  ,  allows  as  to  prefer  POS  process  to  explain  experimental 
results. 
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High  current  electron  switch  with  deep  compensation 
of  volume  charge 

A. B, Bogoslovskaya,  K.  NMJlyanov 

All-Russian  Electrotechnical  Institute ,  Moscow,  Russia 

ABSTRACT 


The  current  switching  by  means  of  a  gas-filled  electron  switch  has  been 
studied  experimentally  and  theoretically.  Under  deep  volume  charge  compensation 
conditions  the  switch  showed  complete  controlability .  The  switched  current  density 
was  more  than  curent  density  of  a  similar  vacuum  switch  by  an  order, 

1, INTRODUCTION 


One  of  the  main  problems  in  the  field  of  the  high-current  electron  switch 
development  is  the  problem  of  current  density  increasing,  A  method  of  current 
density  increase  by  the  partial  ion  compensation  of  electron  volume  charge  is  know, 
for  example,  by  ion  beam  from  the  plasma  anode.  In  this  case  current  density 
increases,  however,  its  value  order  doesn’t  change.  Earlier^  the  method  by  an 
electron  beam  of  deep  charge  compensation  with  the  heep  of  ions  generated  a  special 
bleeded  gas  of  low  density  was  proposed.  In  this  case  electron  and  ion  volume 
charge  distribution  are  similar,  an  extremely  deep  compensation,  the  iocreasing 
current  density  in  diode  by  one-two  order  in  plasma-less  mode  takes  place. 

2, EXPERIMENTAL  AND  CALCULATION  RESALTS 


This  work  is  dedicated  to  studying  of  current  switching  with  the  help  of  an 
electron  gas-filled  triode.  The  experiments  were  carried  out  with  using  of  the 
model  with  plane  geometry  of  the  electrodes*;  the  current  density  of  Ba-Ni  cathode 
being  limited  by  3  A/cm^.  The  accelerating  electrode  was  a  grid  with  high 
transparency  placed  at  a  distance  of  1.4  cm  from  the  cathode,  the  distance  between 
the  grid  and  the  anode  was  equal  to  1,1  cm,  A  constant  voltage  was  applied  to  the 
anode  and  was  regulated  from  0  to  10  kV,  The  triod  turned  off  when  a  negative 
voltage  relative  to  cathode  had  been  aplied  to  the  grid.  When  a  positive 
rectangular  voltage  pulse  (front  time  less  than  10" s)  had  been  applied  to  the 
grid  the  triode  was  turned  on.  The  amplitude  of  the  voltage  pulse  was  smoothly 
regulated  from  0  to  10  kV,  the  voltage  pulse  time  was  changed  from  1  to  20  mks. 
During  the  experiments  air  was  pumped  out  from  the  switch  down  to  10'®  Torr,  Then 
the  switch  was  filled  with  argon  up  to  a  necessary  pressure.  The  cathode,  grid  and 
anode  pulse  currents  were  measured.  The  experiments  showed  the  switching 
possibility  and  its  complite  controllability  in  plasma-less  conditions.  In  this 
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case  the  current  pulse  had  a  rectangular  form,  front  and  fall  times  were  equal  to 
the  voltage  pulse  {less  then  10"’^ s).  The  experiments  were  carried  out  under 
different  pressures  and  different  grid  and  anode  potentials.  In  case  when  plasma 
had  been  generated  unstable  conditions  appeared  and  the  current  increase  sharply. 
For  the  experiment  resultes  could  be  explained  we  calculated  the  potential, 
electric  field  strensity,  volume  charge  and  current  density  distribution  under 
different  pressures  and  grid  and  anode  potentials  using  the  method^ ,  The  triode 
potential  distribution  is  described  by  the  equation: 


The  boundary  conditions  are  used  for  the  equation  as  follows  :  the  cathode 
potential  is  equal  to  0  in  xi  point,  the  grid  potential  is  equal  to  Uiin  0  point, 
the  anode  potential  is  equal  to  U2  in  X2  point.  Due  to  the  high  transparency  of  the 
grid  almost  all  ions  being  generated  in  the  grid-anode  space  found  themselves  in 
the  cathode-grid  space.  The  equation  (1)  was  solved  as  follows.  The  value  of  the 
electron  current  density  and  K  corresponding  to  it  were  set  with  set  up  volues  of 
the  electrode  coordinates,  potentials  and  gas  density.  Then  begining  from  the  anode 
the  equation  (1)  was  solved  for  the  different  values  of  the  anode  electric  field 
(the  parameter  A).  Then  the  value  of  the  parameter  K’  corresponding  to  the  set 
value  of  A  was  calculated^ .  The  solution  of  the  equation  K’(A)=K  defines  the  A 
value  corresponding  to  the  das  density  set  value.  The  equation  (1)  was  solved  for 
this  A  value  and  the  potential,  electric  field  and  volume  charge  distribution  in 
the  grid-anode  spase  was  calculated.  The  calculations  for  the  different  values  of 
je  allowed  defining  the  maximum  value  of  je.  The  grid  electric  field  is  equal  to  0, 
the  value  of  je  is  maximum.  The  plasma  was  generated  near  the  grid  after  the 
current  density  had  reached  the  high  values.  The  anode  boundary  of  the  plasma  was 
unstable,  and  a  stationary  state  was  impossible.  The  equation  (1)  was  solved  in  the 
cathode-grid  space  after  the  parameters  in  the  grid-anod  spase  calculated 
(dependence  A{K)  defenition).  The  boundary  condition  U(xi)=0  was  realized  by 
selection  of  the  B  parameter.  In  that  way  the  dependence  B(K)  for  the  first  gap  was 
defined.  A  maximum  possible  value  of  the  current  density  was  defined  by  calculation 
for  each  no  value  (the  electric  field  is  equal  to  0).  At  high  current  densities  the 
stable  current  through  the  first  gap  is  impossible  because  in  this  case  plasma 
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through  the  grid  penetrates  into  the  second  gap.  Fig. 1-6  show  the  calculation 
results  of  three  pairs  of  different  values  of  the  grid  and  anode  potentials.  The 
size  of  the  first  gap  defines  stable  conditions  of  the  experiments.  In  Fig.l  the 
limit  current  calculation  results  at  the  Ui=5  kV  and  U2=7kV  effected  by  no  are 
presented.  The  maximum  value  of  the  limit  current  density  takes  place  when  no  is 
equal  to  6*10^^  cm“^.  The  dependence  of  the  limit  current  density  upon  no  is 

increased  when  no  <  no*.  This  dependence  is  decreased  when  no  >  no*.  The  space 
charge  at  the  cathode  limit  the  current.  This  limitation  defines  the  limit  current 
density  for  no<no*.  The  limitation  for  no>no*  is  defined  by  the  zero  electric  field 
at  the  grid.  In  the  curve  maximum  the  electric  field  is  equal  to  0  both  at  the 
cathode  and  the  grid  in  the  first  gap.  Fig. 2-4  represent  the  distributions  of  the 
electric  fields  in  the  first  and  the  second  gaps  for  the  different  value  of  the 
current  density  and  the  values  of  no  corresponded  to  the  left  branch  (5*10^^  cm"^), 
to  the  maximum  {6*10i3cm-3)  and  to  the  right  branch  (7*10i3cm-3 ) .  The  increase  of 
the  je  accompanied  by  the  decrease  of  the  electric  field  at  the  cathode  is  shown  on 
the  left  branch  (Fig. 2),  the  electric  field  is  equal  to  0  for  the  limit  current 
density  (Fig.l).  Fig. 3  (no=no*)  shows  the  increase  of  je  accompanied  by  the 
decrease  of  the  electric  fields  at  the  cathode  and  the  grid.  The  electric  fields 
are  equal  to  0  for  the  limit  value  of  je.  This  limit  value  of  je  is  more  than  the 
same  one  for  the  analogous  vacuum  gap  by  an  order.  The  distributions  of  the 
electric  field  for  no>no*  are  represented  in  Fig. 4.  The  electric  field  becomes 
equal  to  at  the  grid  when  the  current  density  has  increased,  the  increase  of  no  is 
accompanied  by  the  decrease  of  the  limit  curren  density.  It’s  bound  with  that  fact 
that  the  greater  value  of  no  is  corresponded  to  the  dreater  value  of  the  volume 
charge)  and  the  electric  field  becomes  equal  to  0  for  the  less  value  of  je.  The 
calculation  results  of  the  limit  states  for  Ui=3kV  and  Uz-SkV  are  represented  in 
Fig. 5.  Fig. 6  shows  the  same  results  for  Ui=lkV  and  U2=3ky.  Fig. 1,5,6  represent  also 
the  experimental  points  for  the  stable  *  and  the  unstable  ©  currets.  This  points 
were  obtaind  for  the  different  values  of  no.  The  theoretical  and  experimental  facts 
coincide:  the  stable  poits  get  to  the  stable  space,  the  unstable  ones  get  to  the 

unstable  space.  This  cycle  of  theoretical  and  experimental  works  allows  to  optimize 
the  electron-optic  system  and  the  work  states  of  the  gas-filled  electron  switches. 
One  can  forecast  the  limit  parameters  of  such  switches:  the  current  -  10-30  kA,  the 
accelerating  voltage  -  10-20  kV,  the  switched  voltage  -  hundreds  of  kV,  the  current 
edges  -  (2-8)*10-3s. 
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Abstract 

In  this  report  the  results  of  the  optimization  of  the  multi-module  mcs-scale  PEOS-based  generator  parameter's  are 
presented.  The  PEGS  parameters  influence  on  the  energy  transfer  efficiency  was  studied,  the  PEGS  being  considered  as  the 
part  of  the  magnetically  self-insulated  line. 


1.  Introduction. 

The  generator  consists  of  the  Marx  bank,  magnetically  insulated  lines  (MITL)  with  plasma  erosion  opening  switch 
(PEGS)  and  fast  liner  load.  To  obtain  the  requirements  on  general  parameter's  of  the  system  the  simple  lumped  element's 
circuit  model  was  used.  It  was  shown  that  to  optimize  output  parameter's  of  generator  it  is  important  to  define  relation  of 
inductance's  of  system  before  and  after  the  PEGS.  To  define  these  values  in  a  real  system  and  to  obtain  the  current  density 
distribution  in  transition  lines  the  2D  Laplace  task  was  solved..  Those  data  was  used  to  check  the  magnetic  insulation 
conditions  in  the  PEGS  area  and  downstream  of  it.  The  simulation  model  for  PEGS  and  MITL  are  presented.  As  tlie  source 
of  parameters  the  specification  of  the  MAG  II  facility  were  used,  which  is  under  construction  in  Ecole  Politechnique. 

Lumped  element's  model  with  magnetic  flux  conservation. 

The  model  do  not  take  into  account  wave  processes  in  transmission  lines,  electron  and  ion  leakage  currents.  The 
currents  and  voltage  are  linked  by  means  of  Kirhgoff  equation  and  liner  motion  is  described  in  terms  of  the  OD 
approximation.  The  PEGS  is  considered  as  lumped  time-varying  resistance.  It  is  supposed  that  PEGS  resistance  is  zero  up 
to  the  moment  of  opening  stage,  then  linearly  grows  to  some  value,  and,  then,  remains  constant.  .The  system  considered 
consists  of  K(8)  parallel  modules  connected  to  one  common  load  (liner).  The  values  for  inductance's,  capacitance's  and 
currents  are  presented  per  one  module.. 

However,  even  in  such  simple  model  the  system  characteristics  depend  on  a  too  large  set  of  parameters.  Subsequent 

system  simplification  can  be  achieved  under  the 
following  assumptions.  The  inductance  is  initially 
filled  with  current  Iq.  The  PEGS  is  represented  by 
veiy  large  resistance.  Then  magnetic  flux 
conservation  takes  place  and  liner  motion 
equation  has  the  integral  of  energy  (see  eq.  (1)). 
This  model  can  be  close  to  real  case  while  liner 
impedance  is  smaller  than  PEGS  resistance. 

L|  Tq  ^(Lj  +  L2  +  2K  (PqH  /47c)  •  ln(rQ/r)  )  •  I 

(MuV2  4-E^ay(l+ a^^))^  Const  (1); 

Here:  I-  current  flowing  tlirough  liner,  r,  rQ 
M,  H-  liner  radius,  initial  radius,  mass  and 
height,  jj.^-  4k  *  10“  '^H/m,  u  -  liner  velocity,  Eq 
-  energy  saved  in  generator  and 


aj=L/(Lj+L2); 
a2  =  2(PoH/47r)/(Li+L2); 

^  =  ln(r^/r) 

The  efficiency  e  can  be  derived  from  (1)  as 


and  "after"  PEGS.  Solid  lines  are  for  "real"  system  (capacitance 
+  PEGS  +  ...).  Dashed  lines  are  for  the  system  with  magnetic 
flux  conservation 
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(2) 


e  =  al- 


a2-^-K 

l+a2-^-K 


The  results  of  the  calculations  on  full  lumped-circuit  model  presented  in  fig.l  as  a  contour 

diagram  (solid  lines).  The  levels  shown  are  the  levels  of  constant  efficiency.  At  the  same  figure  the  results  of  analytical 


calculations  on  (2)  are  presented  as  dashed  lines  levels. 

The  results  demonstrate  the  existence  of  optimum  value  for  inductance  Lj  ,  provided  the  value  L2  is  defined.  This 


maximum  can  be  found  from  (2): 


1^=2  ^9^  In  the  working  range  the  change  in  Lj  may  give  some  rise  in  efficiency:  about  1%  of  overall  energy.  If 
4n:L2 

we  do  not  change  the  system  configuration  (number  of  modules  and  so  on),  the  maximal  efficiency  increase  can  be 
achieved  by  reducing  of  L2  .value  -  the  value  of  inductance  from  PEOS  to  liner.  However,  it  will  not  be  sufficient:  with 
constant  Lj,  this  increase  will  be  partially  counterbalanced  by  drift  from  optimum  value  of  L2/Lj 

5 .  THE  INDUCTANCE'S  EVALUATION. 


The  inductance's  of  the  system  are  the  sum  of  three  almost  independent  parts:  Marx  and  oil-vacuum  interface 
inductance,  MITL  inductance,  central  unit  inductance.  The  Marx  and  oil-vacuum  interface  inductance  can  not  be  changed. 
The  central  unit  inductance  is  defined  by  the  liner  geometrical  parameters  and,  perhaps,  the  requirements  of  liner 
visualization.  To  increase  the  efficiency,  it  is  necessary  to  diminish  the  value  of  "after  PEGS"  inductance.  The  reducing  of 
overall  MITL  inductance  may  be  of  use  too. 

To  calculate  the  inductance's  of  line  we  have  used  a  simple  model,  that  give  possibility  to  use  the  decision  of  2D  plain 
Laplace  task.  The  equations  do  not  contain  sources  and  1-st  order  members.  Such  a  model  supposes  that  the  gap  is  small  in 
comparison  with  the  other  dimensions  of  line  and  that  the  gap  is  constant  along  the  line.  However,  the  decision  can  be 
expanded  to  the  lines  with  varying  gap.  The  decision  will  be  accurate  if  the  level  of  constant  gap  follows  the  levels  of 
constant  magnetic  flux.  To  solve  the  Laplace  task  two  methods  were  used:  "complex  boundary  elements"  method^  and 
"finite  element  method". 

The  complex  bovmdary  elements  method  was  used  to  find  the  values  of  the  inductances  and  to  roughly  estimate  the 

fields  in  the  lines.  The  finite  element  method 


was  used  to  obtain  the  detailed  picture  of 
current  and  flux  distribution.  In  the  case  of 
varying  gap,  the  inductance  is  recalculated. 
The  area  enclosed  between  two  levels  of 
magnetic  flux  was  prescribed  to  some 
average  constant  gap. 

The  local  magnetic  field  needed  for  the 
magnetic  self-insulation  (SMI)  calculations 
is  defined  by  the  local  current  density. 

The  typical  results  and  boundary 
conditions  definition  are  presented  in  fig.  2. 

The  2D  field  distribution  was  used  to 
calculate  inductances  and  to  obtain  the 
parameters  for  evaluation  of  the  SMI 
conditions  at  the  PEOS  area  and  downstream 


Fig.  2.  Example  of  flux  and  current  density  distribution.  The  width  of  of  that  area.  The  voltage  at  the  upstream 

line  is  80  cm,  the  length  of  line  is  80  cm.The  levels  of  current  density  region  is  small,  so  the  SMI  conditions  are 

are  shown  as  gray  areas  of  different  intensity.  The  relative  values  of  not  violated.  The  form  of  MITL  should 

current  density:  the  value  divided  by  I/h,  where  I  -  current  in  line,  h-  satisfy  insulation  requirements,  minimize 

line  width.  "after  PEOS"  inductance  and  matches  the 


size  of  PEOS  area.  The  optimized  geometry 
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differs  from  the  shown  at  the  Fig.2.  One  of  the  reasons  to  reject  it,  is  the  difficulties  for  observation  of  processes  in  the 
central  unit. 

For  the  "acceptable"  case,  the  minimal  central  unit  inductance  (from  entry  size  of  3  cm)  was  estimated  as  15-25  nH  per 
one  line.  The  overall  minimal  "after  PEGS"  inductance  is  more  than  50  nH  for  1  cm  gap  and  close  to  30  nH  for  0.5  cm  gap. 

If  the  "after"  PEGS  inductance  will  be  made  30  nH,  it  can  be  of  use  to  reduce  inductance  between  Marx  and  PEGS. 
According  to  results  of  Section  1  the  transfer  energy  efficiency  will  be  15-17%  in  that  case. 

4.  NUMERICAL  MODEL  OF  THE  LINE  WITH  MAGNETIC  INSULATION  AND  PEOS 

The  voltage  pulse  is  delivered  to  the  load  in  pulsed  power  systems  by  MITL.  Efficiency  of  transport  is  defined  by  both 
MITL  geometry  and  the  load.  If  the  load  impedance  R  is  greater  than  U/Icr(U)  (U-line  voltage,  I(.j(U)-current,  ensuring 
SMI^  then  electron  flow  across  MITL  gap  is  absent  and  energy  losses  are  due  to  impedance  mismatch.  In  opposite  case,  the 
electron  losses  occur  in  MITL.  They  are  localized  near  the  load  and  near  the  non-uniformity  line  region  and  can 
substantially  decrease  the  energy  transmission  efficiency.  Usually  minimum  current  ImCU)  (calculated  for  Brilluoin  flows) 
is  adopted  as  a  critical  current  I^j.  This  current  is  close  to  that  of  ensuring  the  line  energy  minimum.  Liner  is  the  time- 
varying  load.  The  voltage  at  the  MITL  entiy  is  a  function  of  time  too.  As  a  result,  the  analytical  description  of  process  in 
MITL  is  impossible.  To  calculate  the  output  parameters  of  the  system  the  one  dimensional  model  was  used^’'^.  In  this  model 
the  wave  processes  in  MITL  were  described  by  telegraph  equations  with  nonlinear  electron  leakage  current  J(U,I).  The 
voltage  pulse  U(t)  is  applied  from  the  Marx  generator  with  capacitance  Cm  and  inductance  L^  to  each  MITL  through  the 
interface  with  inductance  Lp ,  the  capacitance  being  charged  to.  The  entry  MITL  circuit  is  described  by  Kirhgoff  equations 
(see  Sec.l).  The  outputs  of  each  MITL  is  connected  to  the  central  unit  of  inductance  L^.  with  liner.  To  describe  liner  motion 
OD-model  was  used. 

The  MITL  model  permits  incorporation  of  the  PEGS  to  numerical  code.  The  PEGS  is  considered  as  some  nonlinear 
element  with  varying  in  time  impedance  (wave  and  active)  and  is  represented  as  part  of  the  MITL  with  its  own  wave 
impedance  and  leakage  current  Jg,  differed  from  those  of  regular  MITL.  To  determine  Jg  and  Rg  the  erosion  model^  and  the 
expressions  for  minimum  SMI  current  and  ion  current  density  obtained  in  the  framework  of  Brillouin  model  in^  was  used. 
There  is  no  any  adequate  physical  model  describing  conduction  phase  consistently  but  as  was  revealed  by  Zakatov  ’  on  the 
base  of  experimental  data  (obtained  on  different  facilities)  analysis,  the  charge  value  flowing  through  the  PEGS  unit  length 
during  conduction  phase  ranges  between  0. 1  and  0.5  C/m.  It  is  the  charge  per  unit  PEGS  length  ,  we  chose  as  a  parameter 
of  the  transition  to  the  opening  stage. 

5.  NUMERICAL  SYSTEM  SIMULATION  FOR  EXPERIMENTAL  CONDITIONS. 

In  all  calculations  it  has  been  assumed  that  generator  consisted  of  8  separate  modules  connected  in  parallel  to  liner  load. 
Each  module  contained  Marx  (capacitance  2823  nF(  Cj^)  .  charge  voltage  120  kV(Ujjj);  inductance  40  nH(Ljjj)),  and 
vacuum  strip  line.  The  inductance  of  transition  from  Marx  to  MITL  was  15  nH(Lp)..  The  MITL  geometry  choice  is  based 
on  the  results  obtained  in  Sec.3  and  was  chosen  to  avoid  the  MITL  domains  with  reduced  magnetic  field.  It  has  been 
approximated  in  calculations  as  follows.  The  MITL  width  Wg  has  been  linearly  decreased  from  80  to  40  cm  at  the  entry 
section  from  insulator  surface  to  PEGS  location,  and  gap  D  has  been  remained  constant  and  equaled  to  3  cm.  The  region 
with  length  9  cm  (lp)  occupied  by  PEGS  has  been  followed.  Then  the  transition  of  3  cm  length  to  gap  of  2  cm  has  been 
located.  Further  MITL  width  and  gap  linearly  have  been  decreased  down  to  3  cm(Wi)  and  0.5  cm  (Dgci).  Each  module 
MITL  has  been  connected  with  liner  by  means  of  convolution  section.  The  convolution  and  initial  liner  inductance  have 
added  up  to  4  nH  or  32  nH  per  one  module.  So,  the  one  module  inductance  before  PEGS,  Lj,  has  been  84  nHlLj),  and 
after  PEGS  inductance  (including  central  unit)  51.8  nH(L2).  The  beginning  of  the  opening  has  been  defined  by  charge 
value  Qcr  (  0.4  C/m),  which  was  carried  through  PEGS  length  unit.  In  the  following  runs,  the  liner  parameters  have  been 
put  equal  to  H  =  1  cm,  rQ  =  1  cm,  m  =  0.26  mg.  Plasma  density  np,  width  of  the  PEGS,  the  value  of  the  gaps  Dg^g  and 
Dgch  values  of  the  critical  charge  Q^r,  generator  and  PEGS  jitter  have  been  varied  during  simulation. 

Before  discussing  the  result,  note,  that  as  was  shown  by  calculations,  the  losses  connected  with  electron  leakage  in 
MITL  are  small  outside  the  PEGS  because  the  MITL  current  significantly  exceeds  minimum  MITL  current  I^  .  Such  result 
confirms  the  validity  of  utilization  of  the  model  in  Sec.2.  However  it  is  necessary  to  take  into  account  phenomena  of  SMI 
when  the  PEGS  operation  and  its  interaction  with  other  system  parts  are  considered.  The  density  of  plasma  injected  into 
interelectrode  gap  is  one  of  the  main  parameters,  determining  PEGS  behavior.  The  energy  transmitted  to  the  liner  is 
decreased  with  PEGS  plasma  density  current  is  greater  than  the  minimal  current  of  SMI  Ij^^,  then  electrons  in  PEGS  would 
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be  magnetized;  leakage  current  through  PEGS  would  be  small  and  PEGS  -  opened.  In  opposite  case  PEGS  current  will  be 
equaled  the  minimal  one,  and  only  U(Iiii)/Ri  will  be  delivered  to  the  load.  These  two  regimes  were  called  load  and  switch 
limited  one  in^.  Thus  minimal  current  of  SMI  in  PEGS  is  important  parameter  determining  system  behavior.  It  is  inversely 
proportional  Dg  thickness  of  the  vacuum  gap  in  PEGS  and  growth.  This  is  caused  by  the  influence  of  the  load  on  PEGS 
operation*’^  As  was  noted  at  the  beginning  of  Sec.4,  if  the  load  directly  proportional  Wg  plasma  will  occupy  region  width. 
The  more  Dg  ,  the  smaller  minimal  current,  and  as  the  result,  the  better  condition  for  switching.  Calculations  made  confirm 
the  qualitative  picture  drawing  above.  The  plasma  density  was  the  parameter  which  defines  Dg  value.  Kinetic  liner  energy  Ej^ 
and  final  value  of  the  PEGS  resistance  Rg  and  thickness  Dg  dependence  on  plasma  density  are  represented  in  Fig  3a,b.  For 
smaller  densities,  Ej^  and  Rg  at  Wg=40cm  have  no  considerable  change  (solid  curve  in  Fig  3  a).  For  np>2*10*^  cm'^  abrupt 
drop  is  observed.  The  explanation  of  such  a  behavior  is  that  PEGS  is  magnetized  at  this  Up  and  output  characteristic  are 
defined  by  load  rather  than  PEGS.  When  transition  from  magnetized  to  iminsulated  state  takes  place  (point  of  inflection  at 
^k  dependencies  on  np).  PEGS  is  partially  closed  and  the  portion  of  current  delivered  to  the  load  depends  on  Dg  and, 
hence,  on  plasma  density. 

10^ p  -  -  ri:  :i:  :  :  c  I  1  :iriici:it3  +1  I - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 


Fig.  3.  Liner  kinetic  energy,  PEGS  impedance  (a),  PEGS  gap  thickness  (b)  as  a  function  of  plasma  density,  for  two  value  of 
PEGS  width  Wg  dashed  line-  Wg=60  cm,  solid  line  -  W5=40  cm. 

So,  the  gap  Dg~2.5  mm  is  a  critical  one  for  appearance  of  SMI.  Note,  that  parameters  of  the  PEGS  under  investigation 
are  close  to  those  for  HAWK  accelerator*.  Both  simulation  and  experiment  give  approximately  the  same  value  for  the 
thickness  Dg~2-2.5  mm.  As  can  see  from  fig.3  increase  in  Ws=60  cm  decreases  liner  kinetic  energy  as  large  as  twice.  To 
analyze  the  dependence  of  output  parameters  on  short  circuit  current  of  PEGS  the  value  of  the  critical  charge  Q^r  have  been 
ranged  in  value  from  0.1  to  0.6  C/m.  The  corresponding  value  of  the  switching  current  lay  between  326  and  663  kA.For 
reasonable  range  of  value  Q^j.^  the  difference  in  liner  kinetic  energy  does  not  exceed  10% 

As  has  been  shown  by  the  calculations  jitter  of  generator  switching  on  leads  to  reducing  liner  kinetic  energy  on  25%  for 
jitter  AT=25  ns  and  50%  for  AT=50  ns.  Such  abrupt  decrease  is  connected  with  PEGS  behavior  in  delayed  modules.  PEGS 
in  system  under  consideration  is  the  space  where  zero  magnetic  field  point  is  occurred^,  because  wave  imp)edance  is  minimal 
here  and  PEGS  have  been  remained  in  closed  state  owing  to  absence  of  electron  flow  insulation.  The  value  of  the  PEGS 
resistance  has  not  exceeded  0.5  Ghm,  while  for  zero  jitter  it  has  been  equaled  to  5  Ghm  with  the  same  PEGS  plasma  density. 
In  other  set  of  calculation  PEGS  jitter  has  been  analyzed.  The  modules  have  been  divided  to  two  groups.  They  have  been 
differed  by  the  value  of  the  critical  charge.  We  have  put  Q^j.  =  0.3(0.2)  C/m  in  one  group  and  Q^^j.  =  0.4  C/m  in  another  one 
with  jitter  equal  to  0. 1(0.05)  C/m  the  corresponding  liner  energy  decrease  has  not  been  exceeded  30%(50%). 
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ABSTRACT 

The  vacuum  state  of  vacuum  switching  elements  after  production  is  checked  norm^y  by  Penmng-  or  M^ehon 
methods  (combined  electrical  and  magnetic  field).  Vacuum  in  the  range  of  10  -  10  Pa  can  be  measured  m  t  y. 
After  assembly  into  circuit  breakers  however,  these  methods  are  not  applicable. 

HF  interruption  performance  during  making  operation  has  been  proposed  earher  as  a  possible  alternative.  Further 
investigation  show  that  differences  in  the  number  of  HF  prestrike  current  loops  can  be  found  m  the  pressure  r^e  of 
10  *  -10*  Pa  Current  chopping  of  DC  arcs  between  5  and  30  A  during  opemng  operation,  may  be  another  option  tor 
determination  of  the  pressure  range  by  measuring  the  lifetime  of  the  arc,  but  the  resolution  m  the  vacuum  range  below 

10'^  Pa  is  too  poor. 


1  INTRODUCTION 

Vacuum  circuit  breakers,  load  switches  and  contactors  have  been  introduced  in  MV  distribution  and  industrial  appK^- 
tions  during  more  than  a  quarter  of  a  century.  The  experiences  are  very  good  and  the  absence  of  means  ^ 
status  of  the  vacuum  has  never  got  great  priority.  The  manufacturers  have  improved  the  vacuum  soldermg  techmques 
and  the  choice  of  material  to  such  a  level  of  quality  that  long  lifetimes  are  guaranteed.  .  ^  uv 

Production  tests  after  assembly  are  made  in  the  factory  by  Penning  or  Magnetron  methods.  Voltages  up  to  5  kV  and 
magnetic  fields  up  to  0.1  T  are  applied  simultanuously.  The  ion  current  between  contacts  or  be^een  contacts  and  screen 
is  a  measure  for  the  vacuum  but  the  value  is  design-dependent.  Mer  a  period  of  storage  by  the  manufacturer  the  tests 

are  repeated  and  vacuum  tubes  with  increased  ion  currents  are  rejected.  . ,  ,  r  u  vu 

These  methods  are  not  useful  for  utilities  because  the  vacuum  tubes  have  to  be  disassembled  from  the  switc^e^  wit 
all  the  risks  of  improper  remounting.  Although  the  lifetime  of  modern  vacuum  tubes  is  estmated  as  more  t^an 
years,  failures  of  early  interrupters  can  not  be  excluded  completely.  For  mdustrial  apphration  after  a  larp  num 
operations,  inleak  may  occur  by  fatigue  of  the  metal  beUows.  But  also  in  distribution  apphcation  with  neghgible  munber 
of  operations  the  vacuum  quality  may  be  reduced  by  long  term  diffusion,  intercrysta^e  corrosion  or  deactmtation  of 
the  getter  material.  Hence  it  would  be  very  practical  to  have  on  site  tests  methods  for  vacuum  mterrupters  of  earher 

year  of  production. 


7  nTF.T.F.rTRTCTESTS 

Most  utilities  have  AC  and  DC  testing  equipment  for  test  voltages  up  to  30-50  kV.  Hence  it  is  quite  evident  that  these 
methods  have  been  also  used  for  tests  on  vacuum  switchgear.  Unfortunately  the  voltage  withstand  m  vacuum  is  y 
at  maximum  from  1  Pa  and  below.  Tubes  with  a  vacuum  from  1  -  10*  Pa  (atmospheric  pressure)  can  be  selected  by 
applying  a  test  voltage.  In  case  the  tubes  are  mounted  in  SF«  (CIS)  they  will  be  filled  with  SF«  and  the  voltage  withstand 
is  high  and  not  sufficient  differences  between  good  and  bad  tubes  will  be  foimd. 

There  also  exists  commercial  testing  equipment  for  good-bad  selection  of  vacuum  tubes  using  AC  or  DC  supply,  vdth 
the  same  limitations.  We  have  tried  to  improve  the  sensitivity  of  the  AC  method  by  measurmg  the  DC  component  o  t  e 
emission  current  from  the  low  voltage  contact.  This  work  was  a  continuation  of  earher  work  on  Fowler-Nordheun 
measurements  [1].  In  an  experimental  tube  on  a  pumped  system  we  found  at  a  pressure  10  Pa  an  emission  current  o 

30  nA  decreasing  to  less  than  5  nA  at  10'^  Pa  under  an  AC  voltage  of  25  kVRMs-  j  u  m  non  xyin 

At  the  same  time  also  the  DC  potential  of  the  shield  electrode  of  the  vacuum  tubes  has  been  measmed  by  a  lO.lXK)  MQ 
Brandenburg  HVDC  meter  (20  kV  range).  A  remarkable  effect  occurred,  just  between  0.1  -  1  Pa  sbeld  potentids  up  to 
1  kV  have  been  found.  The  physical  explanation  of  those  effects  needs  further  research.  Tests  on  vacuum  tubes  of 
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different  manufacturers  have  to  be  made  ako. 

It  is  important  that  the  structure  of  the  switchgear  is  discharge-free  up  to  the  maximum  test  voltage,  otherwise  the 
results  will  be  influenced  by  external  discharges. 

3.  HIGH-FREQUENCY  INTERRUPTION  PERFORMANCR 

The  status  of  the  vacuum  in  the  tube  can  be  determined  in  principle  by  interruption  tests  at  suitable  current  levels.  At 
network  frequency  and  voltage  this  approach  is  less  practical  by  the  high  KVA  demand  of  the  supply  circuit. 

Proposals  have  been  made  to  use  the  HF  interrupting  performance  as  an  indicator  for  the  pressure  [2].  The  advantages 
of  this  testmg  method  is  that  relatively  high  di/dt  and  du/dt  can  be  obtained  by  relatively  compact  capacitive  storage. 
The  frequency  of  the  discharge  current  is  given  by  the  capacitance  and  inductance  of  the  circuit,  the  steepness  of  the 
recovery  voltage  by  an  RC  network.  Tests  have  been  performed  at  high  frequencies  (250  kHz,  15  kV,  200  A)  and 
medium  frequencies  (16  kHz,  25  kV,  800  A)  during  making  operation  of  the  contact  system.  A  typical  oscillogram  of 
such  an  operation  is  shown  in  fig.  1.  The  number  of  pre-igmtion  current  loops  (of  the  first  reignition  wavetrain)  as  well 
as  the  time  between  first  reignition  and  contact  touch  (pre¬ 
ignition  time)  has  been  measured  (see  %.  2)  at  varying 
pressure.  This  time  varies  between  0.2  -  2  ms. 

The  sensitivity  of  the  hf-current  interruption  performance  for 
changes  in  pressure  was  measured  in  two  ways: 

1.  By  evacuating  a  demountable  laboratory  interrupter 
in  an  oil-free  vacuum  system  until  10'*  Pa  (^er 
baking  out  and  are  coniotioning)  and  allowing  a 
controlled  leak  of  air  through  a  precision  vive 
increasing  the  pressure  10  times  every  measuring 
sequence  until  1  Pa; 

2.  By  evacuation  of  a  commercial  interrupter  with  a 
diffusion  and  turbo-molecular  pump,  and  arc 
conditioning  at  the  lowest  possible  pressure. 

Both  methods  did  not  show  a  significant  difference  in 
interrupting  performance  with  respect  to  high  frequency 
current  in  the  pressme  range  10®  -  10  *  Pa. 


Fig.  1:  Voltage  (upper)  and  current  (lower)  at  pre-ignition 
in  high  frequency  LC  circuit  in  laboratory  interrupter.  The 
number  of  current  loops  is  6.  Contact  touch  is  at  185  ps. 


4.  CABLE  DISCHARGE  TESTS 

This  method  could  be  used  in  the  field,  where  often 
cables  are  connected  to  the  circuit  breakers.  One  of  the 
cable  cores  is  charged  by  a  DC  source  of  15  -  30  kV, 
thereafter  the  cable  is  discharged  by  a  closing  operation  of  the  VCB.  The  discharge  current  of  a  cable  is  more  or  less 
rectangular  caused  by  the  distributed  parameters,  with  a  peak  current  of  U/Z.  For  15  kV  and  Z  =  25  Q  a  peak  current 
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of  600  A  is  made  with  a  high  di/dt.  The  frequenq^  of  the  discharge  lifetime  (sec)  preignition  time  (ms) 

is  determined  by  the  length  of  the  cable.  We  have  made  tests  with  go" - — ^ - - 12.5 

cable  lengths  of  300  m  in  the  laboratory  and  2  km  in  the  field 

(frequency  100  and  16  kHz).  The  pre-ignition  time  and  the  DC  arc  ■' 

lifetime  (see  sect.  5)  have  been  measured  in  three  circuit  breakers  :  j 

with  nine  vacuum  tubes  (2  km  cable).  The  results  are  shown  in  fig.  j 

3.  From  the  results  it  may  be  concluded  that  the  vacuum  quality  of  ; 

the  T-pole  of  the  third  circuit  breaker  may  be  suspected  of  loss  of  20  -  A  /  -  1.5 

vacuum  quality.  The  number  of  pre-ignition  current  loops  was  /  >,  j  n  ' 

varying  between  1  and  3,  showing  no  evident  correlation  with  the  pre-IgnItion  time  /'  \ 

other  measured  quantities.  /  ^ 

S  DC  ARCING  TESTS  10  -  /  W 

The  interrupting  performance  of  low  current  DC  arcs  could  have  a 

relation  to  the  pressure  in  the  vacuum  tube.  This  effect  has  been  /  \  ^ - — 0^ 

investigated  with  a  DC  supply  ±  300  V  with  a  three  phase  rectifier  W 

from  the  380  V  low  voltage  network.  The  current  is  stabilized  by  .  .  ,  ,  ,  ,  [p 

series  capacitors  of  50,  100,  200  or  300  pF,  giving  currents  of  5  -  ^  |  Tst  r  s  t 

10  -  20  or  30  A.  An  inductance  of  30  mH  is  inserted  in  the  DC 

path.  The  capacitance  in  parallel  to  the  VCB  is  important  for  the  _ _ _ _ _ 

value  of  the  life  time  and  the  overvoltage  generated  after  the  lifetime  (at  30  A)  and  pre-ignition 

current  chopping.  At  high  pressure  (>  1  Pa)  the  arc  will  bum  more  for  9  vacuum  tubes  in  2  km  cable  discharge 

or  less  permanently  (>  30  sec),  when  opening  the  contacts.  At  low 
pressure  the  lifetime  of  the  arc  varies  between  0.1  -  10  sec, 

denendine  on  the  current,  capacitances  parallel  to  the  arc  and  the  surface  conditions  of  the  contacts. 

Fofarc  Me  time  measurements,  the  degree  of  surface  contamination  has  probably  mwe  influence  th^  the  backgromd 

pLw  Ihe  bonle.  Fo,  .hi  i.  is  advisable  .o  keep  .he  arc  Metoe  — “  „w‘^d  i^tte 

conditioning  of  the  contacts  by  the  measurement  itself.  An  impression  of  the  average  DC  arc  lifetime,  obt^ed  m  the 
two  experimental  set-ups  described  in  sect.  3  with  its  standard  deviation  can  be  obtamed  from  fig.  4.  As  can  be  seen, 
evidence  of  pressure  dependency  in  the  intersesting  ^ — 

range  below  10'^  Pa  can  be  gained  from  this  measure-  ^  ^  . . . — r-rmnii — 1  1  mini — r-nTTiw— T-n-mg 

ments.  This  is  in  accordance  with  earlier  findings  [4].  |  /  = 


i  10-A 


/IO.8  A 


6  CONCLUSIONS  ^  10  |  -  i 

,  .  V  . .  / 10.8  A 

Vacuum  state  estimation  by  AC  or  DC  test  voltages  is  g  ^q-2  ^  ^  ^  '  ^  ^ 

only  effective  for  pressiues  higher  than  2  Pa.  For  press-  ^  z  . .  o  = 

ures  lower  than  1  Pa  the  test  voltage  can  be  withstood  ^  in-^  '  " 

and  sensitive  emission  current  measurements  (1-100  S  |  e 

nA)  give  some  indication  if  not  superimposed  by  |  =  /  : 

external  discharges.  10'^  I  - - r . - '  5.4  A  | 

In  the  pressure  range  10'^  -  1  Pa  shield  potential  rises  z  ••  •  •  •  i 

up  to  1.5  kV  have  been  observed  during  AC  tests  with  -  ^  . . . . 

25  kV.  10-'  10^  10  ^  10  *  10^  10*  10^ 

The  high  frequency  interruption  ability  of  preignition  pressure  (Pa) 

arcs  during  a  making  operation  give  a  decreasing  - - - - - ; - — 

number  of  current  loops  for  lower  pressure  downto  4.  Points:  Average  DC  arc  lifetime  (commercial  bottle  10.8 
approx.  0.1  Pa.  Below  0.1  Pa  the  number  of  loops  has  laboratory  bottle  5.4  A).  Line  :  upper  standard  deviation 
no  significant  relation  with  the  pressure. 

Interruption  of  cable  discharge  currents  with  longer  ^  1  ui  j  /At 

cables  (1-3  km)  gives  a  smaller  number  of  loops  than  short  cables  (100  -  300  m),  probably  due  ®  ^  /  * 

Sc  ic  liteto  measuremeaB  will,  current  of  20  -  30  A  have  a  teodeacy  to  give  a  shorter  hfeome  for  lower  vacuam 


1  r  til  mill  I  I  LIlUi] - LJ  I  lliili - l_UJ_LJilJ - ‘  ’  I 

lO-'  10-3  10-2  lo-i  10»  10'  103 

— >  pressure  (Pa) 

Fig.  4:  Points:  Average  DC  arc  lifetime  (commercial  bottle  10.8 
A,  laboratory  bottle  5.4  A).  Line  :  upper  standard  deviation 
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downto  approx.  1  Pa.  For  pressures  below  1  Pa,  arc  lifetime  does  not  seem  a  suitable  indicator.  For  pressures  above  1 
Pa  the  arc  is  not  interrupted  due  to  a  rapid  increase  in  lifetime. 

During  field  tests  of  cable  discharges  a  correlation  between  pre-ignition  time  and  DC  arc  time  have  been  found.  Further 
research  for  the  vacuum  pressme  dependence  of  these  effects  is  necessary. 
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ABSTRACT 

Series  resonance  inverters  based  on  semi-conductor  switching  elements  are  well-knovra  and  have  a  wide  range  of 
appUcation,  mainly  for  lower  voltages.  For  high  voltage  application  many  switching  elements  have  to  be  put  m  senes  to 
obtain  sufficient  blocking  voltage.  Voltage  grading  and  multiple  gate  control  elements  are  needed. 

There  is  much  experience  with  the  triggered  vacuum  gaps  as  high  voltage/high  current  smgle  shot  element^  tor 
example  in  reignition  circuits  for  synthetic  circuit  breaker  tests.  These  elements  have  a  blocking  voltage  of  50  -  100  kV 
and  are  triggerable  by  a  light  fibre  control  device. 

A  prototype  inverter  has  been  developed  that  generates  0.1  Hz,  30  kV  AC  voltages  with  a  flat  top  for  tests  on  cables 
and  capacitors  of  many  micro  farads  fed  from  a  low  voltage  supply  of  about  6(K)  V.  i  rn. 

Only  two  TVG  elements  are  needed  to  switch  the  resonant  circuit  alternatively  on  the  positive  or  negative  supply.  The 
resonant  circuit  itself  consists  of  the  capacitance  of  the  testobject  and  a  high  quality  inductor  that  determmes  the 
frequency  and  the  peak  current  of  the  voltage  reversing  process. 

1  INTRODUCTION 

For  on  site  tests  of  long  run  of  high  voltage  cables  DC  tests  at  3  -  4  Uo  have  been  used  since  years  but  proved  to  be 
less  adequate  for  polyetheen  HV  cables  [1].  On  the  other  hand  for  AC  tests  at  2  -  3  Uo  appreciable  capacitive  currents 
have  to  be  compensated  by  reactors  in  parallel  or  series  resonant  circuits.  The  supply  network  has  to  deliver  the  ohmic 
losses  of  the  test  circuit,  the  greatest  part  of  these  losses  is  caused  by  the  compensating  reactors,  the  smallest  part  by 
the  dielectric  losses  of  the  cable  under  test.  These  losses  may  be  in  the  order  of  100  kV.  Using  a  lower  test  frequency, 
for  example  0.1  Hz,  the  capacitive  current  will  be  proportionally  lower.  In  1986  a  prototype  0.1  Hz  test  generator  was 
developed  at  KEMA  High  Power  Laboratory  for  30  kV  and  5  km  cable  length  [2].  Two  regelated  rectifiers  for  positive 
and  negative  polarity  are  coupled  by  metaloxide  elements  to  the  cable  under  tests.  This  principle  is  quite  advantageous 
for  medium  voltage  and  commercial  apparatus  are  available  now.  But  up-scaling  to  high  voltage  application  causes  a 
serious  dissipation  problem  with  the  metaloxide  elements.  Hence  another  line  of  development  was  chosen.  The  voltage 
at  the  cable  capacitance  will  be  held  constantly  positive  or  negative  for  about  5  sec,  with  a  quick  reversal  through  a 
resonant  inductor.  As  switching  elements  semiconductors  can  be  used  but  due  to  the  relatively  low  blocking  voltage 
many  elements  have  to  be  put  in  series.  Also  voltage  grading  and  multiple  gate  control  elements  will  be  necessary. 

Another  line  of  development  at  KEMA  has  been  the  appUcation  of  triggered  vacuum  gaps  (TGV)  for  multiple 
reignition  circuits  for  HV  synthetic  circuit  breaker  test  schemes  [3,  4,  5]  and  the  Tesla  transformer.  TVGs  are  typical 
single  shot  devices,  with  a  high  current  capabiUty  (5  kA).  The  triggered  circuit  can  be  operated  free  from  ground  by  a 
Ught  fibre  control  device. 


2.  TRIGGERED  VACUUM  GAP  INVERTER 

For  the  first  time  we  use  the  TVG  in  a  periodic  mode  with  one  triggering  per  ten  seconds  (0.1  Hz).  Two  TVGs  are 
needed  to  connect  the  resonant  circuit  consisting  of  the  grounded  capacitors  of  the  cable  under  test  through  a  reactor 
of  appropriate  inductance,  alternatively  to  a  positive  and  a  negative  DC  supply  source  (Fig.  1).  This  source  consists  of  a 
voltage  doubler  (600  V)  fed  by  the  local  LV  network  (230/4(K)  V).  The  smoothing  of  the  DC  voltages  is  made  by  a 
number  of  series  connected  electrolytic  capacitor  of  350  V,  2000  pF  each. 

The  voltage  ^^nplification  is  determined  to  a  large  extend  by  the  quaUty  factor  of  the  reactor.  A  compromise  has  to  be 
made  between  a  low  frequency  voltage  reversal  with  a  low  peak  current  and  a  high  frequency  reversal  with  a  high  |)eak 
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current.  To  avoid  current  chopping  of  the 
TVG  the  current  must  not  be  too  small. 

The  quality  of  the  reactor  can  be  improved 
using  winding  techniques  with  parallel  wires 
of  relatively  small  cross  sections  to  reduce 
the  eddy  currents. 


3.  TRIGGER  CIRCUIT 

The  TVGs  are  normally  triggered  by  a  pre¬ 
charged  capacitor  (20  nF,  10  kV)  and  an 
auxiliary  air  sparkgap  ignited  by  a  pulse 
transformer.  This  is  activated  by  a  thyristor 
fired  by  an  optical  transmitted  pulse.  The 
circuit  gives  a  high  discharge  frequency  of 
about  1  MHz  in  the  triggergap  loading  for 
about  5  psec.  The  current  rise  in  the  main  gap  must  be  rather  high  to  avoid  disruption  of  the  main  current  after  the 
trigger  circuit  is  damped  out.  This  could  result  in  overvoltages  by  current  chopping.  The  trigger  circuit  is  shown  in  fig, 
2. 

We  also  carried  out  experiments  with  two  stage  triggering.  A  low  voltage  circuit  (1  pF,  1  kV)  is  added  to  sustain  the 
trigger  current  over  a  larger  period. 

Some  of  the  TVG  we  used  were  made  in  China  and  showed  to  have  a 
low  resistance  trigger  electrode.  These  tubes  can  also  be  triggered  by 
a  low  voltage  circuit  only.  This  facilitates  the  design  and  the  power 
comsumption  of  the  trigger  circuit  considerably. 

The  pulses  for  the  trigger  circuits  are  made  by  an  electronic  timer 
with  a  cycle  time  of  10  seconds.  The  pulse  sequence  can  be  varied  but 
normally  a  50/50  ratio  is  chosen. 

4.  EXPERIMENTS 

In  an  experimental  set-up  a  capacitnr  of  4.2  pF  resonates  at  1500  Hz 
using  a  2.7  mH  reactor.  With  ±  300  V  supply  voltage  peak  voltages  of 
±  20  kV  can  be  obtained.  The  peak  current  during  the  voltage 
reversal  is  800  A.  The  final  voltage  is  reached  after  about  60  voltage  reversals. 

5.  CONCLUSIONS 


Fig,  1:  The  test  circuit 


The  proposed  circuit  offers  the  possibility  to  make  flat  top  low-frequency  test  voltages  on  capacitive  loads  and  cables. 
The  application  of  trigger  vacuum  gaps  makes  test  voltages  of  20  -  60  kV  possible  with  a  small  number  of  components. 
A  high  quality  coil  design  aUows  a  high  amplification  factor,  so  a  supply  from  LV  sources  is  simple  and  reliable. 

For  higher  test  voltages,  series  connection  of  TVG  is  an  option  that  deserves  further  investigation. 
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ABSTRACT 


The  studies,  carried  out  on  high  inductive  energy  transfer,  has  lead  the  Electrotechnical  Laboratory  to  test 
switch  device.  Our  works  on  trigger  vacuum  switches  has  shown  switch  off  capacities,  [4].  In  preliminary 
studies,  we  have  shown  possibilities  to  pseudospark  discharge  for  zero  current  switching  off,  [5]. 
purpose  here  is  to  define  electrical  characterisation  of  this  kind  of  discharge.  An  axial  magnetic  field, 
pressure  of  gas  (air),  differents  shapes  of  geometrical  electrode  was  the  network  constant  of  the 
pseudopsark  discharge.  The  surface  observation  of  the  cathode  and  the  anode  show  us  that  a  pseudospark 
discharge  diffuse  all  over  the  electrode  surface. 

1.  INTRODUCTION 

The  "Pseudo-spark  discharge"  behaviour  is  characterised  by  two  phases  [1],[2]. 

1)  a  "z-pinch"  discharge 

2)  a  glow  discharge  at  low  pressure  define  by  a  height  current  density  electron  beam  at  the  anode. 
This  high  electronic  density  (lO^A/cm^),  [2],  is  produced  without  arcing  like  vacuum  electrical  discharge. 
This  arcing  produces  erosion  of  the  electrode  surface.  Thus,  the  Pseudo-spark  discharge  presents  a  great 
interest  in  closing  switching.  The  ignition  phase  and  hollow  cathode  discharge  with  the  formation^  of 
"virtual  anode"  in  the  hollow  cathode  are  subjects  of  many  researches  and  publications.  However,  the  high 
current  main  phase  and  their  capacity  to  zero  current  opening  switching  was  not  very  developed  for  time 
discharge  more  than  lOus  at  200p.s. 

2.FXPHR1MENTAL  DEVICE 


The  "Pseudospark"  switch,  figure  1,  is  a  cylindrical  revolution  type,  comprising  two  fixed  hollow 
electrodes  with  a  usual  spacing  of  5mm.  The  predischarge  (ignition  of  Pseudo-spark  switch)  starts  to  the 
system  axis.  A  Teflon  part  maintains  an  insulation  between  the  height  voltage  element  (anode)  and  the 
cathode  elements.  Aluminium  (Au4G)  chamber  stands  as  return  circuit.  An  oil  diffusion  pump  ensures  an 
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adjustable  pressure  up  to  10'‘^Pa.  The  usual  gas  is  air,  but  some  experimentation  was  made  with  helium. 
According  to  behaviour  of  the  "Pseudo-spark",  we  use  hollow  electrodes  (  hole  diameter  0=6mm,  cavities. 
0=2Omm,  height=15mm),  and  the  experimental  pressure  is  located  at  the  left  side  of  experimental  Paschen 

curves,  figure  2.  .  j.  u  n 

The  determination  of  the  electrical  characteristics  needs  the  knowledge  of  voltage  and  current  discharge  L  j. 
The  current  is  measured  with  an  inductive  probe  derivative  to  a  classical  Rogovsky  probe.  The  measure  of 
voltage  discharge  (few  ten  volts)  needs  a  special  electrical  test,  [3].  The  voltage  and  the  current  of  discharge 
allows  us  to  obtain  mean  voltage,  the  product  of  voltap  by  the  current  give  us  the  power  and  the  integration 
of  power,  the  dissipative  energy  during  the  discharge.  To  a  basic  outline  (Air,  P=lPa,  tirne 
discharge=27|J,s),  we  have  experimented  a  largest  time=265|j.s,  and  we  study  the  effect  of  an  axial  magnetic 
field,  the  increase  pressure  and  the  effect  of  geometrical  parameter  like  the  anode  shape. 

3  VOT  .TAGF.  DISCHARGE 


3.1  Effect  of  time  discharge 

The  overvoltage  appears,  for  two  differents  time  discharge,  for  a  peak  current  upper  than  6,5kA.  A 
Fast  Fourrier  Transformer  of  voltage  signals  get  us  a  characteristic  frequency  of  2MHz.  (in  helium,  for 
short  pulse,  this  frequency  is  18MHz).  Noted  that  this  overvoltage  appears  before  Ipeak>  (dl/dt>0). 

The  ratio  between  Q  and  Ipeak  is  0,0154  Cb/kA  for  short  pulse  (T/2=27p.s)  and  0,13Cb/kA  for  long  pulse 
(T/2=265^is). 


domain  of  transfered  charge,  and  two  dl/dt  differents. 

3.2  Effect  of  gaz  pressure 

For  the  short  pulses,  a  closing  up  to  Paschen  minimum  induce  a  quiet  voltage  and  a  decrease  of  the  over 
voltage  intensity.  We  think  that  an  increase  of  pressure  gas  give  it  an  important  part  to  the  ionization 
process.  To  the  long  pulse  (265p.s),  the  over  voltage  endures  near  the  Paschen  minimum(  air;  U(i~500V; 
Pressure* gap=100Pamm).  We  think  that  the  phenomena  area  electrode  emission  is  most  important  to 
creation  charge  than  the  effect  of  the  gas.  An  observation  of  electrode  surface  show  a  diameter  fusion  of 
16mm  or  short  pulse  and  40mm  for  long  pulse.  An  another  mean  to  induce  a  over  vdltage  reduction  is  to 
apply  a  steady  magnetic  field,  0<B<40mT.  This  axial  magnetic  field  prevent  a  radial  expansion  of  the 
discharge  in  space  gap  between  the  electrodes. 
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4.  MEAN  VOLTAGE.  ENERGY 


4.1  <u>.E  versus  pressure  and  time  discharge 
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Figure  6:  Energy  versus  peak  current,  air 
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Figure  5:  Mean  voltage  versus  peak  current,  air 
Short  pulses:  For  P=lPa:  An  increase  of  400%  of  Imax  imply  one  increase  of  90%  for  the  mean  voltage, 
for  P=20Pa,  the  increase  is  only  70%. 

Long  pulses:  mean  voltage  by  unit  time.  The  same  evolution  was  observed  than  short  pulse  with  upper 
values.  The  mean  voltage  and  dissipative  energy  are  independent  to  pressure,  we  think  that  the  charge 
transferred  is  so  important  that  the  effect  of  electrode  surface  supply  the  discharge  and  the  gas,  for  the  long 
pulse,  have  lower  influence  in  the  process  of  conduction  phase. 

The  influence  of  axial  magnetic  field  is  significative  from  a  value  of  40mT,  the  decrease  of  mean  voltage 
and  energy  reach  25%  for  Ipeak=6,5kA.  the  influence  of  the  magnetic  field  on  energy  is  light. 


4.2  Effect  of  geometry  anode. 

The  figure  7  and  8  shows  the  values  of  energy  and  mean  voltage  for  three  different  couple  of  electrodes:  the 
first:  anode  and  cathode  hollows,  the  second  cathode  allow  and  flat  anode  and  the  third  anode  ant  cathode 
flats.  For  the  third  case,  the  discharge  is  not  a  pseudo  spark  discharge  but  an  arc. 


Figure  7:  Mean  voltage  versus  peak  current  Figure  8:  Dissipative  energy  versus  peak  current 

A  flat  anode  facing  hollow  cathode  induce  an  increase  of  the  mean  voltage  and  dissipative  energy,  for  a 
peak  current  of  30kA,  the  rise  is  75%  for  <U>  and  90%  for  energy.  We  show  the  preponderant  part  of  the 
hollow  anode  in  the  behaviour  of  Pseudo-spark  discharge.  We  think  that  the  hollow  anode  is  a  trap  for 
electron  or  negative  charge  which  reach  anode  surface  collector  and  thus  increase  radial  diffusion  strength  in 
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the  space  gap.  An  another  point  noted  on  figure  7  is  a  crossing  between  the  two  mean  voltage  curves(flat 
and  hollow  electrodes),  this  is  a  limit  of  a  constricted  vacuum  arc  and  a  diffuse  vacuum  arc. 

■5.  VOLTAGE  VERSUS  CURRENT. 

The  curves  of  the  voltage  versus  current  discharge  allows  us  to  define  a  threshold  voltage  Uq,  and  a 
dynamical  resistance,  Rq.  This  two  quantities  define  the  decrease  current  phase  (dl/dt).  The  spreading  of  the 
discharge  in  the  space  gap  (dl/dt>0)  is  at  the  origin  of  the  over  voltage. 

Rq  is  the  slope  of  voltage  versus  current  during  the  current  decrease.  Uq  is  defined  by  the  voltage  at  zero 
current,  end  of  conduction  phase. 

-short  pulses  (T/2=27p.s):  Uo=25V  (experiments  with  helium  and  short  pulses:  Uo=22V) 

-long  pulses  (T/2=265ms):  Uo=10V 


Figure  9:  Dynamical  resistance  versus  peak  current  Figure  10:  Dynamical  resistance  versus  peak  current 


6.CONCLUSION 


Short  time  conduction  f27p.s~):  High  dl/dt  prevents  a  good  spread  discharge,  and  gives  upper  mean  voltage. 
Higher  residual  gas  pressure,  or  axial  magnetic  field  continuous  field,  reduce  this  one. 

Long  time  conduction  f265|is):  The  diffusion  of  discharge  is  effective  all  over  the  electrodes  surfaces.  Mean 
voltages  and  dissipative  energies  are  independent  to  pressure  and  are  lower  than  one's  for  short  pulse, 
jpor  all  cases,  the  voltage  discharge  can  be  represented  by  a  relation  type:  U=Uo+RoI-  The  hollow  geometry 
allows  to  obtain  a  diffuse  discharge  in  conditions  which  it's  difficult  to  obtain  with  an  arc.  All  this 
information's  could  be  used  to  define  the  best  configuration  experimental(gas,  pressure,  electrode 
geometry)  to  use  this  pseudo  spark  device  like  a  zero  current  opening  switch. 
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ABSTRACT 


A  high  current  surface  discharge  across  the  surface  of  an  insulator  in  high  vacuum  is  investigated. 
The  mass  erosion  of  the  insulator  and  its  surface  voltage  holdoff  recovery  are  the  two  most  important 
parameters  of  this  investigation.  Typically,  the  discharge  current  reaches  ~  350  kA  peak  with  a  pulse 
length  of  ~  60  p,s  (~  5  periods  of  a  damped  sinusoidal  pulse).  The  vacuum  level  is  maintained  at  ~  lO”^ 
Torr.  The  insulator  materials  tested  include  a  variety  of  polymeric  (i.e.,  polyethylene,  nylon, 
epoxy-fiberglass  composites,  and  polyurethane)  and  ceramic  (alumina,  silicon  nitride,  and  zirconia) 
insulators.  Insulator  mass  erosion  and  surface  voltage  holdoff  recovery  versus  electrode  material  has  also 
been  investigated.  The  electrode  materials  used  include  stainless  steel,  molybdenum,  copper, 
copper-tungsten,  brass,  aluminum,  and  lead.  Insulator  materials  that  have  low  mass  erosion  and  good 
surface  voltage  holdoff  recovery  have  potential  applications  in  high  power  vacuum  switches.  Breakdown 
voltage  histories  and  mass  erosion  data  were  obtained  for  the  plastics,  but  only  breakdown  voltages  were 
obtained  for  the  ceramics. 


2.  INTRODUCTION 

The  purpose  of  this  research  is  to  find  insulator  materials  that  can  withstand  high  current  (-350  kA) 
discharges  while  in  high  vacuum  (lO"®  Torr).  The  materials  tested  in  this  experiment  include 
polyethylene,  Lexan’,  Lucite^,  polyurethane,  blue  nylon,  G-10,  alumina,  silicon  nitride,  and  TTZ 
(transformation  toughened  zirconia)^  In  this  document,  a  description  of  the  experimental  setup  will  be 
given,  along  with  experimental  results. 

There  are  two  primary  mechanisms  affecting  the  holdoff  voltage  characteristics  of  insulators; 
decomposition  of  the  insulator  surface  and  electrode  material  deposited  on  the  insulator  surface  from  the 
previous  breakdown.  It  was  previously  found''  that  ceramics  tend  to  metallize  while  polymers  and 
elastomers  tend  to  pyrolize  (i.e.,  carbonize).  The  electrode  material  deposited  on  the  insulator  surface  was 
not  studied  extensively  in  that  previous  work  or  in  this  investigation.  It  is  to  be  noted  that  in  the  above 
referenced  study,  the  tests  were  limited  to  gas  discharges  at  atmospheric  pressure.  To  the  authors' 
knowledge,  high  current,  high  vacuum  surface  discharge  tests  investigating  the  nature  of  the  insulator 
mass  erosion  and  surface  voltage  holdoff  recovery  have  not  been  reported  before. 


*  This  work  was  supported  by  SDIO/TNI  through  DNA/RAEV  under  contract  #DNA001-90-C-01 10. 
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RXPKRTMENTAL  SETUP 


The  basic  requirements  for  the  experimental  setup  were  to  simulate  a  -350  kA  fault  condition  across 
different  insulator  materials  in  a  high  vacuum,  10'^  Torr.  The  discharge  across  the  insulator  sample  was 
self  commutating.  A  capacitor  bank  was  charged  using  a  high-voltage  dc  power  supply  until  an  arc 
formed  across  the  insulator  sample.  After  a  discharge,  the  original  vacuum  level  was  reestablished  by 
waiting  5  minutes  before  another  discharge  was  attempted.  As  seen  in  Figure  1,  there  are  fifteen  60  kV, 
1.85  |J,F  Scyllac  capacitors  connected  in  parallel  via  a  parallel  plate  transmission  line.  Also  shown  in  this 
drawing  is  the  vacuum  chamber  where  the  discharge  occurs.  The  capacitor  bank  was  charged  negatively 
with  the  bottom  plate  of  the  transmission  line  at  experiment  ground. 

Parallel  plate 


Scyllac  capacitors 
80  kV,  1.85  uF  each 
(15  capacitors  total) 

Figure  1.  Experimental  setup. 

Table  1  shows  the  operating  characteristics  of  the  system.  The  voltage  breakdown  level  was 
measured  with  a  10,000:1,  1  MHz  high-voltage  probe  connected  to  a  300  kilosample/second  A-D 
converter.  A  computer  program  was  written  to  monitor  the  voltage  from  the  probe,  detect  the  voltage 
peaks  occurring  at  discharge,  and  record  the  voltage  signal  to  an  ASCII  file.  A  typical  discharge 
waveform  is  shown  in  Figure  2. 


Tablet  Operating  Characteristics. 


Parameter 

Value 

Voltage  (typical) 

40  kV 

Current  (typical) 

350  kA 

Discharge  current  oscillation  frequency 

250  kHz 

Energy  (typical  per  shot) 

22.2  kJ 

Effective  charge  transfer  (typical  per  shot) 

IOC 

Vacuum  level 

10-^  Torr 
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Figure  2.  Typical  discharge  current  waveform. 

The  electrodes  were  machined  to  have  field  enhancement  points  along  the  insulator  surface  (to 
ensure  breakdown  across  the  insulator  sample)  with  the  samples  actually  sitting  in  0.32  cm  deep  recesses 
in  the  electrodes.  The  insulators  were  2.54  cm  in  diameter  and  2.54  cm  in  length,  leaving  a  1.91  cm  gap 
between  the  electrodes.  The  complete  vacuum  chamber  and  electrode  assembly  can  be  seen  in  Figure  3. 


Top  electrode  assembly 
(with  cooling  channel) 


Figure  3.  Illustrating  vacuum  chamber  and  electrode  assembly  (side  view). 
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4.  EXPERIMENTAL  RESULTS 


In  the  following  experimental  results,  the  breakdown  voltage  history  was  determined  by  averaging 
the  results  of  3  different  samples  subjected  to  a  12  discharge  test  sequence.  Polyethylene  was  the 
insulator  material  most  extensively  used  in  this  experiment  and  was  tested  with  copper,  lead,  stainless 
steel,  aluminum,  and  graphite  electrodes.  The  polyethylene  voltage  breakdown  history  using  the  stainless 
steel  electrode  material  can  be  seen  in  Figure  4.  There  was  little  difference  in  the  voltage  breakdown 
history  plot  when  the  other  electrode  materials  were  used. 


TIME  (sec) 

Figure  4.  Polyethylene  average  breakdown  voltage  using  stainless  steel  electrodes. 

Additionally,  the  total  energy  of  the  run  could  be  calculated  from  the  breakdown  voltages  recorded. 
The  mass  erosion  rate  was  calculated  as  mass  erosion  of  the  insulator  per  amount  of  total  energy  in  the 
run  or  in  units  of  jxg/J.  The  mass  erosion  rates  for  polyethylene  (averaged  over  three  test  sequences) 
versus  electrode  atomic  weight  can  be  seen  in  Figure  5.  As  seen  in  this  figure,  the  mass  erosion  rate 
increased  linearly  as  the  atomic  weight  of  the  electrodes  was  increased.  The  exception  to  this  was  the  lead 
electrode  test,  where  it  was  assumed  that  deposited  electrode  material  skewed  the  mass  erosion  data.  It 
was  calculated  that  ~  2000  monolayers  of  lead  would  have  to  be  deposited  on  the  surface  to  bring  the 
mass  erosion  rate  for  lead  to  the  linear  portion  of  the  graph. 

It  was  shown  in  reference  [4]  that  increased  electrode  atomic  weight  increased  the  amount  of  UV 
radiation  given  off  during  a  surface  discharge  in  air.  The  higher  the  UV  flux,  the  more  molecular  bonds 
are  broken  and  more  conductive/semi-conductive  materials  are  formed  leading  to  poor  surface  voltage 
holdoff  recovery.  In  this  experiment,  because  the  discharge  occurs  in  vacuum,  no  stable  gases  like  carbon 
dioxide  or  carbon  monoxide  are  formed  from  decomposed  material.  It  is  believed  that  the  lack  of  a 
gaseous  ambient  during  the  discharge  leads  to  an  explosive  emission  of  both  insulator  and  electrode 
materials  leaving  deposits  on  the  inside  of  the  chamber. 

In  surface  flashover  studies  in  air,  a  conditioning  phase  for  the  insulator  was  found.  The 
conditioning  phase  is  a  number  of  shots  that  occur  at  breakdown  voltages  each  higher  than  the  one 
before'*.  Since  there  is  a  reported  correlation  between  the  "conditionability"  of  the  insulator  and  its  water 
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Figure  5.  Polyethylene  average  mass  erosion  rates  versus  the  electrode  atomic  weight. 


vapor  absorption  coefficient",  a  water  vapor  or  gas  layer  presumably  exists  on  a  dielectric  surface  in  air 
and  acts  as  “a  source  of  virtual  charge  that  lowers  the  (dry)  surface  breakdown  strength  and  serves  as  a 
‘sacrificial’  surface  coating,  absorbing  and  efficiently  removing  some  of  the  incident  arc  energy  that 
would  otherwise  cause  insulator  decomposition.”  Since  this  experiment  tested  insulators  in  vacuum,  the 
surface  water  or  gas  layer  would  be  removed,  and  would  explain  the  absence  of  a  conditioning  phase. 

Three  different  ceramics  were  tested  in  this  experiment  (with  stainless  steel  electrodes);  alumina 
(AI2O3),  TTZ  (transformation  toughened  zirconia),  and  silicon  nitride  (SijN^).  To  be  consistent  with 
earlier  work,  the  lifetime  of  the  insulator  material  is  referred  to  as  the  number  of  discharges  required  to 
reduce  the  breakdown  voltage  to  the  half  power  level  (i.e.,  of  the  initial  breakdown  voltage". 

The  lifetime  of  the  alumina  was  two  discharges  which  is  unexpected  because  when  tested  in  air,  alumina 
is  a  multi-discharge  material  (>140  shots)".  The  TTZ  and  silicon  nitride  had  slightly  longer  lifetimes 
lasting  ~  5  discharges.  The  current  levels  at  breakdown  for  all  three  ceramic  insulators  are  lower  than 
similar  tests  on  polymers  which  is  attributed  to  the  higher  ceramic  dielectric  constants.  To  obtain  higher 
currents  on  the  order  of  350  kA,  the  lengths  of  the  samples  will  need  to  be  increased.  TTZ  and  silicon 
nitride  are  single  shot  materials  when  tested  in  air".  Therefore,  the  lifetime  of  the  material  was 
substantially  increased  in  vacuum.  It  is  predicted,  however,  that  for  higher  current  levels,  the  lifetime  will 
be  reduced  to  either  one  or  two  shots. 


Several  other  materials  were  tested  with  the  stainless  steel  electrodes.  These  insulator  materials 
included;  Lucite,  blue  nylon,  Lexan,  polyurethane,  and  G-10  (glass  fabric  reinforced  epoxy).  Their 
lifetimes  were  >  12  discharges  (i.e.,  the  extent  of  the  tests)  with  the  exception  of  G-10  which  had  a  3 
discharge  lifetime.  Their  erosion  rates  are  listed  in  Table  2. 
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Table  2.  Mass  Erosion  Rates  for  Other  Materials 
Material  Erosion  Rate  [jig/j] 


Blue  Nylon 

0.085 

G-10 

0.132 

Lexan 

0.17 

Lucite 

0.193 

Polyurethane 

0.175 

5.  CONCLTJSTONS  AND  FUTURE  WORK 

From  the  results  of  this  experiment,  it  appears  that  all  thermoplastics  (i.e.  polyethylene,  Lexan, 
Lucite,  blue  nylon,  and  polyurethane)  are  good,  high  current  vacuum  insulators.  G-10,  a  thermoset, 
pyrolized  after  several  shots.  The  holdoff  voltage  decreases  as  the  amount  of  carbonization  on  the 
insulator  surface  increases.  Ceramics  performed  poorly  and  would  not  be  good  candidates  for  vacuum 
insulators  exposed  to  high  currents.  The  ceramics  tend  to  metallize  quite  easily,  reducing  their  holdoff 
voltage.  Additionally,  their  higher  dielectric  constants  yield  higher  electric  fields  and  lower  breakdown 
voltages. 

It  has  also  been  noted'*,  that  the  type  of  electrode  material  will  affect  the  mass  erosion  rate  for 
insulator  samples.  This  was  shown  to  be  true  in  these  tests  for  polyethylene  samples  tested  with 
aluminum,  graphite,  copper  and  stainless  steel  electrodes.  It  appears  that  there  is  a  correlation  between 
the  atomic  weight  of  the  electrode  material  and  the  mass  erosion  rate.  Additionally,  since  the  vacuum  arc 
formed  on  the  insulator  surface  is  more  diffuse  than  a  gas  discharge,  lower  mass  erosion  rates  were  found 
for  the  plastics  tested  in  this  experiment  than  in  similar  tests  in  air  discharges'*. 

Monitoring  the  peripheral  location  of  the  discharge  site,  as  it  varies  from  discharge  to  discharge, 
would  be  an  interesting  study  for  future  investigations  perhaps  yielding  additional  information  about  the 
level  of  insulator  damage.  This  could  be  accomplished  using  four  fiber  optic  cables  placed  at  the  four 
quadrants  around  the  insulator  sample.  During  a  discharge,  the  light  intensities  from  the  four  fibers 
would  be  compared  using  photomultiplier  tubes  (PMT's).  This  location  could  be  compared  to  the  location 
of  the  next  discharge.  At  the  present  time,  the  fiber  optic  cable  has  been  prepared  along  with  a  vacuum 
feedthrough.  The  PMT's  are  also  available,  but  need  calibration  for  relative  measurements.  One  of  the 
remaining  problems  is  determining  how  to  mount  the  fiber  optic  assembly  inside  the  chamber  at  the 
required  location. 
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ABSTRACT 


The  vacuum  energy  concentrator  has  been  designed  on  the  0.15 
Ohm,  10  TW  pulse  power  8  module  generator  3-300.  A  vacuum  3-D  EC 
was  constiTucted  on  the  base  of  MITLs,  connected  parallelly  at  the 
central  unit .  For  the  total  output  Inductance  of  7.7  nH  the 
concentrator  provides  currents  of  5  -  7  MA.  The  calculations  show 
that  the  transportation  of  efficiency  electrical  energy  to  the 
liner  kinetic  energy  is  about  30%. 

INTRODUCTION 


For  a  development  of  experimental  inveistigation  in  the  field 
of  ICF  in  RRC  "Kurchatov  Institute"  the  8— module  pulse  power  (10 
TW  )  generator  3-300  was  worked  out  ^  .  This  installation  will 
provide  a  generation  of  300kJ  electrical  pulse  at  a  voltage  level 
of  1  .3  MV  with  FWHM  of  33  ns.  A  high  -  voltage  pulse  developed  at 
the  output  of  the  water  pulse  -  forming  line  enters  into  the 
vacuum  energy  concentrator  CE3)  through  the  ring  type  high  - 
voltage  insulator  of  1  m  diameter.  The  3-300  installation  with 
output  impedance  of  0.15  Ohm  provides  a  total  current  of  5  -  7  MA 
with  a  rise  time  of  60  ns  on  liner  load. 

NUMERICAL  CALCULATION. 


For  obtaining  the  required  cixrrent  in  experiments  on 
investigation  of  liner  Implosion  it  is  necessairy  to  minimize  the 
output  ind^ictance  of  the  installation. For  the  choosed  ring  type 
insudator  geometry  with  a  total  inductance  of  2  nH,  the  minimum 
inductance  can  be  provided  by  the  EC  cons ti*uc ted  on  the  base  of 
MITLs  which  are  parallelly  connected?  A  simulation  of  the  energy 
transportation  in  the  EC  was  carried  out  on  the  base  of  a  model 
described  in  the  nonstationary  processes  in  MITLs.  The  EC 
consists  of  16  triptate  transmission  lines,  which  are  parallelly 
connected  to  8  triplate  nonhomogeneoxrs  lines  of  the  central  unit. 
Each  MITL  of  the  central  imit  is  connected  to  2  triplate  MITLs  of 
the  concentrator,  which  are  situated  in  a  single  vertical  plane  ( 
see  Flg.1  ).  In  this  model  wave  processes  in  a  MITL  were  described 
by  telegraph  equation  with  a  nonlinear  current  of  an  electron 
leakage? 

1  tin  n  =  O 


c  “dt 


3Z 


3q  8l 
+ 


^t  "dt  “ 
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where  Ag  -  Is  the  component  of  the  vector  potential.  V  -  the 
electrical  potential,  Q  and  I  -  the  charge  per  vinit  length  and  the 
line  current  respectively,  -  the  electron  leakage  current  per 
unit  length.  A  MITL  was  divided  to  segments.  Inside  each  segment  a 
condition  of  magnetic  self  -  insulation  was  analysed  and  the 
leakage  current  was  calculated  on  the  base  of  a  superposition  of 
incident  and  reflected  waves.  The  generator  load  was  taken  into 
account  as  a  boundary  condition.  In  calculatious  the  installation 
was  represented  as  1 6  effective  parallelly  connected  to  liner  load 
generators  with  each  impedance  equal  to  2.4  Ohm.  Each  generator 
has  the  following  parameters;  the  insulator  inductance  of  a  MITL 
is  56  nH  -  114  nH.  the  depending  on  the  cathode  -  anode  gap.  the 
liner  unit  inductance  32  nH  -  56  nH.  This  leads  to  the  value  of 
the  output  "cold"  Inductance  Of  7.7  nH  at  1  cm  gap.  The  voltage 
pulse  form  of  a  generator  was  obtained  from  experiments  in  which 
the  operation  of  one  of  8  modules  of  the  3  -  300  installation  was 
investigated.  Boundary  condition  at  the  load  was  defined  from  a 
solution  of  the  liner  motion  equation  per  0  -  dimensional 
approx  imation.  The  charge  Q  and  magnetic  flux  Aj  are  connected 
with  the  current  eind  voltage  by  means  of  the  equations 


Q  = 


°0^- 


C  V* 


where  L^and  -  are  the  inductance  and  the  capacitance  of  the  MITL 
per  unit  length,  which  are  equal  to  their  vacuum  values.  Eor  the 
calculation  of  the  electron  leakage  density  J{V,I)  was  used  the 
Chield  -  Langmulre  formula,  generalised  on  relativistic  voltages. 
In  case  when  the  line  current  I  exceeded  minimum  ciirrent  of 
insulation  nj„^the  leakages  were  settled  to  zero.  As  a  result  of 
simulations  the  following  parameters  of  the  energy  concentrator 


was  obtained; 

concentrator  MITL  quantity . 16 

concentrator  MITL  length . 40  cm 

concentrator  MITL  width.  .  . . 8  cm 

central  unit  MITL  quantity . 8 

central  unit  MITL  length . 14  cm 

central  unit  MITL  width . 4-7  cm 

MITL '  s  gap . 1  cm 


Prom  the  results  of  the  calculations  it  follows  that  at  V  =  1.3  MV 
for  liner  with  2  cm  in  diameter,  2  cm  in  hlght  and  420  mg  of 
wei^t  transportation  effeclency  of  the  generator  electrical 
energy  to  the  kinetic  energy  of  the  liner  achieves  3056.  For  this 
case  liner  kinetic  energy  is  equal  to  100  kJ  and  the  liner 
cxarrent-  5.7  MA.  The  leakage  cxorrent  in  EC  is  less  than  0.8  MA 
during  the  first  10  ns.  the  leakage  current  density  -  3kA/cm^  and 
the  total  energy  of  electron  losses  -  7.5  kJ. 

The  dependences  of  liner  ralius  R(t)/Rj[  R^-  the  initial  liner 
radius  ),  its  veloslty  V(t),  and  current  on  time  for  voltage  which 
corresponds  to  a  half  ofthe  installation  power  are  shown  in 
Fig. 2.  In  this  case  the  kinetic  energy  is  equal  46  kJ,  that 
corresponds  to  the  efficiency  of  3056. 

In  the  calculations  it  was  set  that  the  losses  au*e  cut  off 
when  I>Imin.  Generally  speaking  a  critical  current  Icr  of  magnetic 
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Insulation  can  exceed  Imin  because  of  the  change  of  an  electron 
shell  structure.  In  case  when  I^r  =1  .5  calculations  have  shown 

Csee  Pig. 3)  that  althou^  the  current  of  electron  losses  increase 
twlcely  the  total  energetic  losses  rise  in  less  than  556.  The 
values  of  the  current  and  the  kinetic  energy  practically  don't 
differ  from  the  case  when  Icr  =1,5  Imin* 

Energy  transportation  efficiency  essentially  depends  on  the 
gap  value  of  MITLs.  At  increasing  the  gap  value  fram  1  cm  up  to  2 
cm  the  total  "cold"  inductance  increases  from  7,7  nH  up  to  11  nH 
and  transportation  efficiency  decreases  up  to  2056. 

The  gap  value  is  limited  by  the  movement  of  a  plasma  created, 
on  the  electrodes  of  a  MITL  by  the  explosion  emission  electrons^ 
and  radiation  coming  from  the  Imploding  liner.  The  experiments  on 
the  Investigation  of  the  transportation  efficiency  in  a 
concentrator  carried  out  on  Module  A5-1  (p=0,04  Ohm,  1=4,6  MA, 

T=100  ns)  showed  that  there  exists  a  critical  line  gap  of  5-6mm 
below  which  the  losses  increase  5-10  times.  These  losses  are 
connected  with  local  plasma  flows,  which  expand  acrossmillimeter 
gaps  with  velositles  of  (1-5)  10^  cm/sec.  The  appearance  of  the 

plasma  in  a  gap  which  was  registered  by  overall  photography  of  EC 
by  framing  cameras  leads  to  a  closing  of  the  interelectrode  gap 
and  to  the  characteristic  tlme-laging  trailing  edge  of  the  current 
pulse  (see  Eig.4,5). 
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ABSTRACT. 

Direct  current  breaker  of  a  modular  design  is  developed  for  the  strong  field  tokamak  (SFI)  power  supply  system.  The 
power  supply  system  comprises  four  800  MW  alternative  current  generators  with  4  GJ  flywheels,  thyristor  rectifiers 
providing  inductive  stores  pumping  by  a  current  up  to  1 00  kA  tor  1  -  4  sec.  To  form  current  pulses  of  various  shapes  in  the 
tokamak  windings  current  breakers  are  used  with  either  pneumatic  or  explosive  drive,  at  a  current  switching  synchronousity 
of  not  worse  than  1 00  mks.  Current  breakers  of  these  types  require  that  the  current  conducting  elements  be  replaced  after 
each  shot.  For  recent  years  vacuum  arc  quenching  chambers  with  an  axial  magnetic  field  are  successfully  employed  as 
repetitive  performance  current  breakers,  basically  for  currents  up  to  40  kA  In  the  report  some  results  of  researches  of  a 
vacuum  switch  modular  are  presented  which  we  used  as  a  prototype  switch  for  cuirents  of  the  order  of  1 00  kA 


1,  INTRODUCTION. 


SFT  power  supply  system  is  rather  complex.  It  uses  multy-coiled  inductive  stores  of  toroidal  and  cylindrical  shapes  of 
both  transformer  and  conventional  types.  A  simplified  circuit  of  the  transformer  type  toroidal  inductive  store  (TTIS)  is 
presented  in  Fig,l,  It  has  two  multy-coiled  windings,  LI  •  primary  winding  and  L2  -  secondary  one.  TITS  has  the  following 
parameters: 

-  primary  winding  inductance,  mH  .  70 

-  secondary  winding  inductance,  mH  -0.5 

-  number  of  coils  of  primary  and  secondary  windings  -  32 

-  maximum  current  via  a  coll,  kA  11  =  150  12  =  830 

'  windings  coi.q?ling  coefficienl  .  o,92 


Primary  winding  coils  are  connected  in  series-in-tum  with  resistors  shunted  by  opening  switches,  secondary  winding 
coils  can  be  connected  in  parallel  to  a  common  load,  or  in  series-in-tum  with  the  toroidal  field  winding  coils.  The  TR  must 
provide  current  input  and  output  according  to  a  program  and  current  sustaining  in  the  load  during  the  pulse. 

Energy  delivery  to  TTIS  starts  when  switches  31-38  siuinting  the  resistors  in  the  primary  winding  in  the  course  of  energy 
storage  are  opened.  When  energy  output  must  be  stopped  the  resistors  are  shunted  again  by  closing  switches.  To  reduce  the 
overvoltage  level  opening  switches  are  actuated  under  a  strict  sequence,  the  next  one  operates  only  after  the  previous  one. 
The  total  switch  operation  time  should  not  be  longer  than  that  of  energy  delivery  to  the  load. 


In  this  circuit  reduction  of  maximum  power  per  a  switch  is  achieved  by  using  non-linear  thermal  resistors. 

At  primary  winding  cun-ents  of  the  order  of  1 00  kA  it  is  possible  to  achieve  a  800  kA  current  pulse  with  a  current  rise 
time  of  20  ms  and  total  pulse  duration  of  200  ms  in  the  secondary  one  Switching  voltage  across  a  single  switch  must  be  40 
kV. 

A1  the  above-mentioned  requirements  can  be  met  if  a  vacuum  arc  quenching  chamber  K/fB  ■  20-100/1 600  developed  and 
designed  in  the  Institute  is  used  as  a  switching  element,  A  required  service  life  can  be  achieved  by  using  several  chambers 
connected  in  parallel V  Vacuum  arc  •  quenching  chambens  employment  provides  repetitive  operation  in  botli  opening  and 
closing  mode. 
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2,  VACUUM  CHAMBER  DESIGM 


Most  perspective  are  vacuum  chambers  with  axial  magnetic  field,  which  rediuces  arc  voltage  and  sustains  its  burning.  Hie 
arc  IS  of  a  diffuse  type  with  many  cathode  spots,  uniformly  distributed  along  the  contact  surface.  Opening  switches  with  such 
chambers  are  exploited  in  some  experimental  facilities. 

The  vacuum  chamber  developed  in  the  All-Russian  Electrotechnical  Institijte  with  contacts  producing  an  axial  magnetic 
field  has  the  following  parameters  (all  the  values  for  50  Hz  frequency): 

^open  ^theim'^  ^ee.dynamic»  ~  1 00  1 00  /  260 

"^nom  1 5 1? 5  kV,  weight  ”50  kg 

over  all  dimensions  ■  720  x  280  mm, 

The  arc  quenching  chamber  has  contacts  made  of  chromium  -  copper  compound  (Cu  -  Cr  50/50),  Magnetic  field  value 
Hm  at  minimum  voltage  across  the  arc  and  at  are  current  of  5  kA  is  30  mT,  the  ratio  Hm/lgj.^  =  6  mT4cA  being  constant  in  the 
wide  range  of  currents.  The  main  advantage  of  a  new  contact  system  developed  in  the  Institute  is  the  possibility  to  have  any 
values  of  the  ratio  Hm/E^j.^  and  to  attain  a  precise  value  of 

The  contacts  of  this  chamber  are  not  float  and  in  the  close  position  they  touch  each  other  only  by  central  parts  with 
effective  radius  R  —  30  mm  (diameter  of  the  contact  is  1 90  mm).  When  the  contacts  start  to  separate  arc  always  occirs  only 
in  the  center.  Contact  erosion  is  weak  along  the^  whole  srrtace  excepting  the  central  part  where  a  constricted  arc  always 
occurs.  Specific  contact  erosion  is  w  =  =  4,8  1  o"^  g/K. 

The  chamber  has  the  following  pecularities  in  the  design: 

silton  are  provided  on  the  sides  of  botfi  movable  and  unmovable  contacts,  which  greatly  reduces  the  stresses  in  the 
ceramic  frame, 

On  the  back  side  ot  the  field  producing  coil  there  are  provided  rigid  elements,  they  prevent  its  strain  due  to 
electrodynamics  stresses. 


3,  VACUUM  SWITCH  MODULAR  DESIGM 

Vacuum  switch  module  consists  of  two  equal  vacuum  chambers  arranged  vertically  in  a  rigid  metal  frame  with  the 
following  dimensions:  0,5  x  1,0  x  1,8  m.  Both  parallel  and  series  connections  are  possible  via  equalizing  resistors  and 
additional  inductances  with  one  -  turn  saturable  reactors.  The  contact  resistance  of  the  switch  in  the  close  -  position  is  of  the 
order  ot  35  mkOhm,  the  necessary  pressing  is  provided  by  two  springs  for  each  chamber,  the  total  force  -  150  kg.  Ihe 
contacts  are  driven  pneumatically  by  a  pressure  2-10^  -  4-10'^  Pa,  The  rod  of  the  operating  plunger  is  connected  to  the 
electrodes  by  a  link  and  is  isolated  from  the  contact  system  to  a  voltage  of  30  kV  The  contacts  moved  apart  to  a  distance  of 
17  mm  for  time  no  longer  than  25  mks.  There  is  a  position  indicator  which  produces  a  control  pulse  triggering  a  counter¬ 
current  capacitance  at  tfie  moment  when  tfie  inlerelectrode  distance  is  of  a  required  value  /  from  5  to  1 5  mm  /. 

The  counter-current  system  exploits  a  4-member  LC  forming  line  with  pulse  capacitor  banks  IKM  -  50/9  (50  kV,  9  mkP). 
Vacuum  valve  PBV  -  40  also  developed  in  the  Institute  is  used  as  a  closing  switch^. 

4.  ANALYSIS  OF  THE  BASIC  SVOTCHINCt  REgTRICTIONS. 

Coimter-current  system  must  provide  such  current  decreasirig  rate  in  zero  vicinity  that  there  could  not  occur  a  repetitive 
break-down  in  the  gap,  i-Dne  of  the  causes  for  repetitive  break-downs  is  a  higfier  value  of  electric  field  in  the  negative 
electrode  vicinity  than  the  critical  one  -  Eq  mainly  determined  by  electrode  material  and  its  sui'face  condition. 

We  have  presented  a  physical  model  in  which  tlie  mean  life  time  -  X  of  ions  in  tfie  inter  electrode  gap  is  the  key 
pai-ameter.  The  analysis  shows  that  maximum  electric  strength  at  the  negative  electrode  during  tfre  so-called  after-arc  period 
occurs  within  time  ot  the  order  ot  X  ,  The  ratio  ot  X  and  T  times  for  which  discharge  ciurent  decreases  from  its  maximum 
value  Iq  to  zero  determines  resVictions  upon  counter-cirrent  system  parameters: 
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(dl/dt)2  (dU/A)  <  2  (eo  Eo2  /2  )2  (s2  ^ )  /  q  ) 

1(5^  (dU/dt)  <  2  (Eq  Eq2  /2)2  (  gZ  -j  /  g2  ,^2  ^  j 


0) 

(2) 


where  =  8.85  10  F/m  ;  S  -  negative  electrode  area;  m  and  q  -  effective  mass  and  charge  of  ions  respectively,  w  - 
factor  connecting  material  mass  vapoured  from  the  cathode  and  electric  charge  through  the  arc;  g'-  ion  share  in  the  vapo’ured 

cathode  material  , non-dimensional  factor  0<g<l  ;  i  =  L''2V  L  -  interelectrode  distance,  V  -  characteristic  ion  velocity  in 
quasineutral  plasma, 

The  first  restriction  is  valid  at  slow  current  output.,  when  X  <  T ,  and  the  second  one  -  for  a  rapid  current  output  when  X  >  T, 

5.  EXPERDvIENTALRESTnTa 

switching  capability  of  vacuum  current  breaker  was  tested  in  a  conventional  circuit  with  a  standard  IS.  As  a  primary 
energy  soiree  for  IS  charging  capacitor  banks  were  used  at  nominal  voltage  -  2.5  kV,  IS  inductance  300  -  100  mkH  , 
maximum  testing  current  -  30  kA  A  low  inductance  1  Ohm  resistor  was  connected  in  parallel  to  VS, 

A  chai'acteristic  switching  oscillogram  is  presented  in  Fig,2,  where  Is  -  current  through  the  breaker;  I^,^  -  counter  - 
current  system  current ;  1  -  oscillograms  in  the  close  position  ;  2  -  the  contacts  moved  apart  to  a  distance  of  1 0  mm.  At  1 5 
kA  current  and  1 0  msec  arc  burning  the  vacuum  breaker  reliably  operated  with  aero-current  duration  of  30  mks  and  current 

outgut  rate  dl/dt  =109  A'sec.  Counter-current  capacitance  was  C=7  2  mkF ,  U  =  5  kV.  iron  cross  section  of  the  reactor  -  400 
cm 
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6.  CONCLUSIONS 

The  vacuum  chambers  with  an  axial  field  developed  in  the  Institute  for  alternative  current  switches  can  be  successfully 
used  in  switches  of  quasidirect  current.  At  currents  through  a  chamber  of  the  order  of  30  kA  zero-current  duration  does  not 
exceed  50  mks  with  recovery  voltage  rate  dU./dt  =  200  V/mks, 
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ABSTRACT 

Contacts  design  with  amplified  axial  magnetic  field  for  vacuum  interrupters  is  described.  Axial  field  specific  inducti¬ 
on  reaches  10  mT/kA,  that  is  the  cause  of  time  reduction  for  high  current  (>10  kA)  arc  transition  from  contracted  to  quasi- 
diffuse  modification Jhe  arc  movement  on  contacts  surfaces  is  controlled  by  radial  magnetic  field  up  to  arc  transition  from 
contracted  to  quasidiffuse  modification. Both  high  current  arc  modifications  control  permits  to  decrease  contacts  separation 
velocity.  During  one  pole  tests  25-2?  kA  current  was  interrupted  by  contacts  with  diameter  near  70  mm  at  35  kV  recovery  vol¬ 
tage,  50  Hz,  both  at  1,1  m/s  and  0,8  m/s  separation  velocity. 


1. INTRODUCTION 

In  some  specific  fields  of  application,  such  as  a  commutation  of  steel  melting  furnaces  transformers,  there  is  a  requi- 
rement  for  vacuum  circuit-breakers,  having  a  resource  up  to  100  thousand  cycles.  It  is  easier  to  make  this  circuit-breaker 
and  It  will  be  cheaper,  if  circuit-breaker  elements  are  less  given  to  mechanical  actions  and  it  may  be  achieved  by  reducing 
vacuum  interrupter  contacts  velocity,  particulary  during  current  interruption.  However, there  is  arc  time  increasing  in  this 
case  because  of  a  smaller  contact  velocity  and  accordingly  lesser  contact  gap  at  the  first  current  zero  moment,  contact  gap 
IS  broken  under  recovery  voltage  and  the  arc  recommences.  As  a  result  of  the  contact  velocity  reduction  the  share  of  in¬ 
terruptions  increases  not  at  the  first  current  zero  passing  but  at  the  second  one,contacts  heating  is  increased  and  the  va¬ 
cuum  interrupter  current  interruption  ability  is  decreased.  Besides  it,  when  using  vacuum  interrupters  with  axial  magnetic 
field  in  circuit-breakers,  it  is  need  to  restrict  existence  time  of  moving  contracted  arc  (this  arc  certainly  appears  when 
the  second  half-wave  of  current  begins  [1])  by  two-four  milliseconds,  there  will  be  the  arc  transition  to  quasidiffuse  mo¬ 
dification  during  this  time.  Essential  exceeding  of  this  time  can  lead  to  advantages  loss  of  axial  magnetic  field  contacts, 
in  particular,  there  is  heat  load  increasing  on  a  steam  screen,  surrounding  contacts,  during  the  contracted  arc  existance, 
that  IS  caused  by  more  than  tenfold  increasing  of  ion  current,  flowing  towards  the  screen.  As  a  result  it  can  be  overhea¬ 
ting  and  in  the  case  of  insufficient  arc  movement  velocity  it  can  be  even  overwelding  of  the  screen.  The  contracted  arc  can 
prove  to  be  the  cause  of  an  extreme  disturbance  of  recovery  voltage  distribution  between  the  contacts  and  the  steam  screen 
In  quasidiffuse  arc  modification  the  screen  potential  is  caused  by  interelectrode  capacities  of  an  interrupter  in 
l0-3^s  after  current  interruption  and  its  value  is  alsmost  near  to  the  mean-square  value  of  both  contacts  potential,  than 
after  contracted  arc  modification  the  recovery  voltage  distribution  in  accordance  with  interelectrode  capacities  begins  in 
75-l40;HS.  Up  to  this  time  expiration  the  screen  potential  is  practically  equil  to  the  positive  contact  potential,  and  all 
recovery  voltage,  including  transient  recovery  voltage  amplitude,  is  held  just  by  one  half  of  the  interrupter  insulating 
tank  length  and  one  half  of  the  interelectrode  gaps.  This  recovery  voltage  distribution  disturbance  keeps  during  a  lot  of 
half  wave  periods  of  rated  frequency,  increasing  the  probability  of  an  interrupter  internal  insulations  breakdowns.  There 
IS  a  description  of  contacts  in  [3],  these  contacts  excite  an  axial  magnetic  field  and  admit  the  work  at  the  reduced  velo- 
city.  This  property  IS  achieved  by  increasing  of  an  axial  and  radial  magnetic  field  components  of  induction  and  by  inducti¬ 
on  distribution  optimization  at  the  contact  surface. The  description  of  main  design  features  of  contacts  and  test  results  of 
vacuum  interrupter  with  such  contacts  at  short  circuit  clearing  at  normal  (1,1  m/s)  and  reduced  10,8  m/s)  separation  velo- 
city,  are  given  below.  Vacuum  interrupters  applications  examples  at  this  or  another  contact  movement  velocity  in  circuit- 
breakers  for  different  use  are  presented. 


2. CONTACT  DESIGN 

^  schematic  view  of  the  contacts  [1].  Each  contact  contains  an  inductor,  which  has  an  annular  form,  con- 
two  stepped  arc-simi  ar  elements.  The  starting  parts  of  elements  are  joined  with  a  current-conducting  stem,  the 
ending  ones  are  free.  The  starting  and  ending  parts  of  the  adjacent  elements  of  the  inductor  are  mutually  overlapped  at  a 
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length  P:(0,5-3)H,  where  H  is  inductor  height.  The  inductor  co¬ 
vers  disk-like  electrode,  which  has  a  diameter  somewhat  lesser 
than  the  inner  diameter  of  the  inductor.  The  electrode  has  an 
electrical  connection  with  both  arc-similar  elements  due  to 
electrode  lugs.  The  electrode  is  deepened  by  2-3  mm  relative  to 
the  inductor  surface, and  as  a  result  when  the  contacts  are  clo¬ 
sed,  they  touch  by  the  inductors. The  electrode  and  the  inductor 
contact  surface  have  arc-resistant  covering  made,  for  example, 
from  copper-chrom  composition.  The  current  lo,  flowing  through 
the  stems  and  distributing  the  inductor  arc-similar  elements  as 
indicated  by  the  arrows,  forms  two  one-dirrected  circular  cur¬ 
rents, exciting  magnetic  field  with  an  axial-dominated  component 
of  induction  in  the  contact  gap. It  is  expected  that  control  for 
the  high  current  arc  (amplitude  more  than  tO  kA)  in  all  its  mo¬ 
difications  will  be  achieved  by  contacts  with  such  configurati¬ 
on.  The  control  can  be  provided  for  all  arc  modifications:  sta¬ 
tionary  contracted  arc,  appearing  just  after  contacts  opening, 
when  the  distance  between  them  does  not  exceed  2-  3  mm  [4]; 
a  quasidiffuse  (multichannel)  arc,  generated  in  a  contact  gap 
with  a  length  more  than  2-3  mm  on  condition  that  there  is  an 
excited  axial  magnetic  field  with  sufficient  induction  in  the 
contact  gap;  a  moving  contracted  arc,  generated  in  the  contact 
gap  with  a  length  more  than  2-3  mm  due  to  restrike  or  reigniti¬ 
on,  and  existing  in  it  up  to  transition  to  the  quasidiffuse  mo¬ 
dification  [1]. 

3.  TEST  RESULTS 

The  value  of  a  specific  axial  magnetic  field  component  Bz  at  different  distances  d  between  contacts  surfaces  was  measu¬ 
red.  The  contracted  arc  was  imitated  by  one  metal ic  stem,  which  was  placed  turn  by  turn  on  parts  1-3,  fig.l,  providing  ele¬ 
ctrical  connection  between  two  contacts.  The  quasidiffuse  arc  was  imitated  by  three  stems  placed  on  the  indicated  parts  si¬ 

multaneously.  Bz  is  characterized  by  data  of  table  1  (the  outer  diameter  of  inductor  is  70  mm). 

As  follows  from  the  table  1,  the  change  of  one  stem 
location  or  the  number  of  stems  on  the  contact  surface, 
has  no  influence  on  Bz  component  in  practice.  The  value 
of  Bz  component  reaches  10  reduces  up  to  4, 4-4, 7  mT/kA 
at  d  :  40  mm.  As  the  field  is  not  uniform  Bz  values  inc¬ 
reases  directly  near  contacts  surface.  As  one  can  see  Bz 

value  at  contact  surface  is  1,4  times  as  much  as  in  the 
middle  of  the  gap  at  d  =  40  mm.  Of  course,  other  field 
components,  including  Br, increase  together  with  Bz. 

These  Bz  values  are  essentially  more  than  usually  re¬ 
alized  "optimar  values,  reaching  3-5  mT/kA  for  contacts 
with  similar  dimensions.lt  is  known  there  is  minimum  arc 
voltage  at  the  ‘optimal"  induction  [1].  Higher  magnetic 
field  induction,  excited  between  contacts,  fig.l,  is  ca¬ 
used  by  more  magnetomotive  force,  developed  by  induc¬ 
tors.  In  turn,  that  is  defined,  first  of  all,  by  reduc¬ 
tion  up  to  2  the  number  of  arc-similar  elements,  and  then  by  their  angular  length  increasing.  The  first  admited  to  raise 
the  inductor  circular  current  up  to  0,5  lo,  and  the  second  -  to  make  the  circular  current  path  in  inductor  a  little  bit  mo¬ 
re  than  one  turn.  The  induction  raise  above  the  ‘optimal'  value  is  dictated  by  the  aim  to  short  the  time  of  the  arc  trasi- 


TABLE  1 


d,  mm 

2 

18 

•9^  1 

<=>  1 

i 

Bz,  mT/kA 

9,8  -  10 

6,8  -  7,2 

4,4  -  4,7 

(6,5) 

*  Bz  was  chosen  as  an  average  on  a  circular  area  with  diameter 
20  mm.  The  area  was  placed  in  the  middle  of  two  contacts  and 
had  the  same  axis  with  them.  The  measurements  were  carried  out 
at  50  Hz  alternating  current.  The  limits  of  changing  Bz  at  va¬ 
riation  of  member  and  location  of  stems, imitating  the  arc,  we¬ 
re  pointed  out. The  result  in  the  round  brackets  -  the  value  of 
Bz  on  the  disk  electrode  surface. 


Fig.l,  Contacts  design  with  strengthened  magnetic 
field  induction. (The  dotted  line  shows  the  places 
1-3  of  metal ic  stems,  imitated  the  vacuum  arc) 
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tion  from  contracted  to  the  quasidiffuse  modification.  It  is  actually  at  the  reduced  separating  contact  velocity,  when  the 
cases  of  restrikes  and  reignitions  become  more  frequent. These  cases  can  lead,  as  it  was  noted,  to  the  moving  contracted  arc 
appearance,  with  more  intensified  acting  on  contacts  and  steam  screen  in  comparision  with  quasidiffusive  arc.  The  reduc¬ 
tion  of  the  local  influence  of  the  contracted  arc  on  the  contacts  and  the  screen  is  provided  not  only  by  the  arc  existance 
time  shorting,  but  also  by  increasing  the  arc  movement  velocity  on  contacts  and  preventing  it  fixation  on  the  edges  of  the 

radial  slots  which  are  on  the  contact  surfaces.  The  prevention  of  the  arc  fixation  is  achieved  due  to  mutial  overlapping  of 

the  stepped  arc-similar  elements  on  the  length  P,that  leads  to  increasing  the  field  component  8r  in  the  vicinity  of  the  ra¬ 
dial  slots. 

Magnetic  field  preassure  on  the  contracted  arc  also  becomes  stronger  because  its  base  spots  move  directly  on  the  induc¬ 
tor  surfaces,  near  which  Br  component  has  the  most  value.  This  circumstance  is  favourable  not  only  for  the  positive  influ¬ 
ence  on  movement  velocity  of  the  moving  contracted  arc.  Because  of  the  forced  value  of  Br  component  at  the  contact  surface, 
the  existance  time  of  stationary  arc  at  the  first  stage  of  the  contact  movement  is  shortened  (d<  2  mm  and  the  output  of  the 
melted  drops  is  decreased). 

The  contact  interrupting  capability  at  the  average  separation  velocity  1,1  and  0,8  m/s  is  defined  by  interrupting  50  Hz 
current  with  value  up  to  2?  kA  in  a  single  phase  circuit  at  the  recovery  voltage  34-35  kV  and  the  transient  recovery  volta¬ 
ge  amplitude  69-81  kV.  These  electrical  effects  are  typical  for  the  circuit-breakers,  destined  for  the  work  at  35  kV  rated 

voltage.  The  contacts  stroke  was  equil  to  16  mm.  The  results  arc  presented  in  table  2. 

One  can  see  from  the  table  2  that  the  arc 
time  did  not  exceed  14  ms  at  the  velocity 
1,1  m/s  and  the  interrupting  current 
24-27  kA. 

One  of  13  interruption  operations  was 
unsuccessful!,  the  current  was  not  inter¬ 
rupted  by  the  interrupter,  the  arc  time 
was  60  ms  and  was  caused  by  current  inter¬ 
ruption  with  the  help  of  the  additional 
preventive  circuit-breaker. The  execuation 
of  the  following  current  interruption  ope¬ 
rations  did  not  reveal  any  aggravation,  in 
the  interrupter  work. 

At  0,8  m/s  velocity  the  arc  time  inc¬ 
reased  and  was  in  13-23  ms  interval,  that 
is  caused  by  flowing  the  second  half-wave 
of  the  current. The  corresponding  arc  voltage  and  interrupting  current  oscillograms  are  presented  in  fig. 2.  The  first  one  of 
them  gives  the  possibility  to  determine  existance  time  of  different  arc  modifications.  From  the  moment  T1  when  the  contacts 
are  opened  till  the  first  current  zero  passing,  the  arc  undergoes  the  next  modifications.  There  is  the  stationary  arc  up  to 
the  moment  T2,  until  d<2  mm.  In  T2-T3  interval  the  quasidiffusive  arc  development  takes  plase.  This  arc  fills  both  contact 
surfaces  and  disk  electrode  surfaces.  From  the  moment  T3  quasidiffussive  arc  exists,  which  shortly  before  current  zero  mo¬ 
difies  into  diffusive  arc,  extinguishing  at  the  current  zero  passing.  The  arc  voltage  is  characterized  by  the  absence  of 
the  high  frequency  peaks  in  T3-T4  interval,  maximum  arc  voltage  value  at  current  magnitude  does  not  exceed  60  V,  that  is 
exactly  inherent  in  quasidiffusive  arc.  The  arc  voltage  at  the  begining  of  the  second  current  half  wave  and  T4-T5  interval 
are  characterized  by  the  presence  of  high  frequency  peaks  with  amplitude  100  V  and  more.  It  shows  that  there  is  the  moving 
contracted  arc  between  the  contacts,  which  are  separated  9-11  mm  distance  from  each  other  to  this  time.  The  axial  magnetic 
field  component  in  the  gap  of  such  length,  taking  into  account  table  1  data,  is  8-9  mT/kA,  and  as  can  be  seen  from  oscillo¬ 
gram, the  contracted  arc  in  these  conditions  turns  into  the  quasidiffusive  one  for  time  not  more  than  2,5  ms. From  the  moment 
T5  the  voltage  curve  indicates  on  the  quasidiffusive  arc  existance  in  the  gap.  The  local  acting  of  the  diffusive  arc  on  the 
contact  surface  is  considerably  less  in  comparison  with  the  contracted  arc  influence.  As  a  result  there  is  cooling  of  the 
local  contacts  parts  and  the  screen,  heated  by  the  contracted  arc,  in  T5-T6  interval.  The  steam  density  in  the  contact  gap 
decreases  and  at  the  moment  T6  during  the  next  current  zero  passing  the  current  is  interrupted. 


TABLE  2 


Contact 
velocity 
m/s  * 

Interrupting 

current, 

kA 

The  number  of 
successful! 

interruptions 

unsuccessful! 

The  limits  of 
the  arc  time 
values,  ms 

1,1 

24  -  27 

12 

■  1 

4  -  14 

0,8 

24  -  26 

8 

2 

13  -  23 

*)  The  average  value  of  velocity  at  the  first  10  mm  of  contact  stroke 
is  shown. 

»*)  When  the  interruption  was  unsuccessful!  the  current  was  interrupted 
by  the  additive  protective  circuit-breaker  in  60-90  ms  from  the  mo¬ 
ment  of  the  tested  interrupter  contact  separation. 
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The  measurement  results  at  0,8  m/s  velocity  are  presented  in 
table  2.  These  results  show,  that  the  tendency  of  increasing 
the  number  of  unsuccessful!  interruption  operations  is  outlined 
under  keeping  the  value  of  the  interrpted  current  at  24-26  kA 
level.  If  at  1,1  m/s  velocity  there  was  one  unsuccessful! 
interruption  from  thirteen,  then  at  0,8  m/s  velocity  there  were 
two  unsuccessful!  interruptions  from  ten.  Ke  must  note,  that 
though  the  arc  time  in  each  of  these  two  unsuccessful! 
operations  reached  90  ms,  the  following  successful!  operations 
did  not  reveal  the  decrease  of  the  current  interruption 
capability  of  the  interrupter.  It  proves,  that  examined 
contacts  design  is  stable  to  the  thermal  overloads,  appearing 
at  the  arc  existance  during  several  current  half  waves. 
Contacts  and  interrupter  screen  examination  after  such 
thermal  overloads  did  not  show  any  essential  faults. 


I  I 


I  I  .1  I  I  I  I  I  I 

MC 


The  contacts  under  consideration  were  applid  in  commer¬ 
cial  type  interrupters  KftB-35-25/1600  yxil2.  These  interrupters 
are  used  in  type  BBll-35  circuit-breaker  at  35  kV  rated  voltage 
and  type  BB3-110  circuit-breaker  at  110  kV  rated  voltage,  pro¬ 
duced  by  NPP  ’ELVEST'  (Ekaterinburg  city)[5].  The  contact  velo¬ 
city  is  0,7-0, 8  m/s,  the  contact  stroke  13-14  mm.  The  pole  of 
BB3-110  circuit-breaker  contain  four  interrupters,  conected  se- 
quencely.  Hechanical  life  of  35  kV  circuit-breaker  is  100  thou¬ 
sand  "close-open”  cycles  at  one  time  change  of  an  interrupter. 
Hechanical  life  of  110  kV  circuit-breaker  is  40  thousand  cycles 
without  an  interrupter  change.  Rated  interrupting  current  is 
20  kA.The  pointed  types  circuit-breakers  are  used  for  the  tran¬ 
sformer  commutation  of  elektrothermal  installations,  where  they 
are  successfully  exploited.  In  35  kV  type  BBH-35  network  circu¬ 
it-breaker  an  intrrupter  contact  velocity  is  raised  up  to  1,1-1, 
rated  interrupting  current  reaches  25  kA.  Electrical  and  mechani 
current. 


Fig. 2.  The  arc  voltage  Ud  between  the  contacts 
fig.1,  at  the  arc  existence  during  two  current  lo 
half  waves. 

(T1  -  contacts  separation  moment  and  stationary 
contracted  arc  appearance;  T2  -  T3  -  the  interval 
of  the  quasidiffusive  arc  modification  formation; 
T3-T4-  the  interval  of  the  quasidiffusive  and  di¬ 
ffusive  arc  modifications  existence;  T4  -  the  se¬ 
cond  current  half  wave  recommence  moment;  T4  -  T5 
-  the  interval  of  the  moving  contracted  arc  modi¬ 
fication  existence;  T5  -  T6  -  the  interval  of  the 
quasidiffusive  and  diffusive  arc  modifications 
existence;  T6  -  current  interruption  moment.  The 
contact  gap  16  mm  is  achieved  to  the  moment  T6). 

2  m/s, the  stroke  is  increased  up  to  16-17  mm,  owing  to  that 

cal  life  of  circuit-breaker  is  20  thousand  cycles  at  1600  A 
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ABSTRACT 

This  paper  studies  the  arcing  and  post-arcing  medium- intensity  recovery  of 
vacuum  arcs  during  short-circuit  breaking  of  a  vacuum  interrupter  by  measuring  the 
dynamic  change  waveforms  of  the  relationship  between  shield  potential,  arc  voltage 
and  recovery  voltage.  On  the  basis  of  the  experimental  results,  it  makes 
mathematical  derivation  for  the  relationship  between  the  vacuum  interrupter  shield 
potential  and  the  voltage  in  contact  gap.  It  also  makes  a  theoretical  analysis  of 
changing  regularity  of  the  shield  potential .  It  is  poven  that  this  method  is 
feasible  for  deeper  study  of  vacuum  interrupter  performance. 

1.  INTRODUCTION 

When  a  vacuum  interrupter  is  in  static  state,  the  shield  potential  is 
determined  by  its  stable  distribution  capacitors  against  the  anode  and  the 
cathode.  While  in  course  of  short-circuit  breaking,  the  dispersion  of  arc  plasma 
toward  the  outside  of  contact  gap  and  the  bombardment  of  charge  carriers  cause  the 
shield  potential  to  change.  The  change  features  a  transient  nature.  Therefore,  we 
can  study  the  dynamic  change  process  inside  the  vacuum  interrupter  by  measuring 
the  dynamic  waveforms  of  the  shield  potential . 

2.  METHOD  TO  MEASURE  THE  SHIELD  POTENTIAL 


Fig.l  Test  circuit  for  experiment 

The  power  supply  for  the  experiment  is  a  synthetic  circuit .  A  coaxial  shunt 
is  used  to  measure  the  arc  current.  A  Tek-P6015  high-voltage  probe  is  used  to 
measure  the  arc  voltage  or  recovery  voltage.  A  capacitance  divider  is  used  to 
tneasure  the  shield  potential.  All  the  measuired  waveforms  are  memorized  and  printed 
by  a  memory  oscilloscope.  In  order  to  get  a  true  and  complete  picture  of  the 
dynamic  change  of  vacuum  interrupter  during  arc  breaking,  the  response  time  of 
the., measurement  system  is  limited  within  100ns;  especially,  the  is  less  than 

3pF^. 

The  experiment  samples  are  commercially  available  vacuum  interrupters  of 
cup-shaped  axial  magnetic  field  (AMF)  contacts  and  cup-shaped  cross  magnetic  field 
(CMF)  contacts . 

In  the  following  discussion,  without  special  specification,  the  arc  voltage 
division  ratio  is  1:1000V;  the  shield  potential  division  ratio  is  1:100V. 

3.  EXPERIMENTAL  RESULTS 

3.1  Analysis  of  arcing  process 

3.1.1  Influence  of  arc  current  and  contact  gap  on  arcing 


0-8194-1581-2/94/$6.00 


SPIE  Vol.  2259  /  295 


There  is  %.  difference  between  the  waveform  of  the  arc  voltage  and  that  of  the 
shield  potential.  When  the  arc  current  and  the  contact  gap  increase,  the 
difference  increases  gradually.  So  does  the  high-frequency  division  superimposed 
on  the  waveforms,  as  shown  in  fig. 2.  This  indicates  that  the  arcing  stability 
decreases.  The  dispersion  of  arc  plasma  toward  the  outside  of  contact  gap 
increases.  Under  this  circumstance,  it  is  impossible  and  also  incorrect  to  analyze 
arcing  states  by  means  of  arc  voltage  values.  We  have  to  analyze  arcing  states 
according  to  waveforms . 
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Fig. 2  AMF  contact  contact  diameter:  40mm.  I=15kA. 


3.1.2  Comparison  of  experimental  results  of  AMF  and  CMF  contacts 


Under  the  same  contact  gap  and  the  same  arc  current,  we  made  an  experiment  by 
means  of  AMF  and  CMF  contacts  with  the  same  contact  diameter  and  the  same  shield 
diameter.  The  waveform  shown  in  fig. 3  was  obtained. 
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AMF  contacts 

Fig.  3 


(b) .  CMF  contacts 
d=8mm,  I=15kA 


From  fig.  3,  we  can  see  that  for  vacuum  arcs  under  the  action  of  AMF  contacts 
and  those  under  the  action  of  the  CMF  contacts,  their  non- stable  states  happen  at 
different  moments.  For  the  AMF  contacts,  the  superimposition  of  high-frequency 
division  on  the  arc  voltage  and  the  shield  potential  waveforms  happens  mostly  in 
the  first  1/4  period.  This  shows  that  for  the  AMF  contacts,  the  arcing  stability 
within  the  first  1/4  period  is  poor.  While  for  the  CMF  contacts,  the 
superimpost ion  of  high-frequency  division  on  the  arc  voltage  and  the  shield 
potential  waveforms  happens  mostly  near  the  peak  value  of  the  arc  current.  This 
shows  that  for  the  CMF  contacts,  the  arcing  stability  near  the  arc  current  peak 
value  is  poor. 


3.2  Analysis  of  the  post-arcing  recovery  process 

In  vacuum  interrupters,  many  post-arcing  breakdowns  are  often  caused  by  the 
breakdowns  in  the  space  between  the  contacts  and  the  shield.  Therefore,  in  the 
following  part,  we  will  analyze  the  post-arcing  recovery  process  by  means  of  the 
recovery  voltage  and  the  shield  potential  waveforms. 

The  ratio  of  the  contact  diameter  to  the  shield  diameter  is  big,  as  shown  in 
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fig. 4.  When  the  breaking  current  is  small,  the  waveform  of  the  recovery  voltage 
comforms  with  that  of  the  shield  potential,  as  shown  in  fig.  4  (a).  When  the 
breaking  current  is  large,  distortion  happens  to  the  shield  potential- waveform,  as 
shown  in  fig. 4(b)  .  This  phenomenon  has  been  well  explained  by  Rudolf"^. 


The  ratio  of  the  contact  diameter  to  the  shield  diameter  is  small,  as  shown 
in  fig. 5.  When  the  breaking  current  increases,  the  shield  potential  waveform  is 
different  from  the  recovery  voltage  waveform  in  not  only  phase  but  also  amplitude. 
The  difference  increases  when  the  breaking  current  increases. 


(a) .  d=16mm,  Ik=14kA 
Fig. 4.  Waveforms  of  recovery 
AMF  contact  diameter: 
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Fig. 5,  Waveforms  of  recovery  voltage  and  shield  potential 
AMF  contact  diameter:  40mm/  shield  diameter:  120mm 

From  the  above  analysis  we  can  see  that  to  reduce  the  shield  diameter 
properly  is  beneficial  for  the  post-arcing  recovery  process  of  vacuum 
interrupters . 

4.  MATHEMATICAL  ANALYSIS  OF  THE  RELATIONSHIP  BETWEEN  SHIELD  POTENTIAL 

AND  VOLTAGE  IN  CONTACT  GAP 

From  the  above  experimental  results,  we  can  see  in  the  post -arcing  recovery 
process,  the  shield  potential  is  different  from  the  voltage  in  the  contact  gap. 
From  this  difference,  we  can  analyze  the  dynamic  change  of  the  arc  plasma  in  the 
vacuum  interrupter.  This  is  very  important  for  the  deeper  study  of  the  running 
state  of  the  vacuum  interrupter. 

4 . 1  Mathematical  derivation  of  the  relationship  between  the  shield  potential  and 
the  arc  voltage  in  the  contact  gap 

A  mathematical  model  shown  in  fig. 6  was  set  up. 

In  the  model  shown  in  fig.  6,  we  can  see  that  in  the  arcing  process  of  vacuum 
interrupters,  capacitance  values  of  C,  and  are  constant.  The  equivalent 

resistors  and  are  leakage  resistors  causecr  by  some  of  the  charge  carriers 
when  they  disperse^ toward  the  outside  of  the  contact  gap.  The  influence  of  the 
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Fig. 6  Illustration  of  arcing  model 


change  of  the  arcing  column  is  reflected  on 
the  values  of  the  equivalent  resistors 
and  and  hence  on  the  shield  potentiax 
waveform. 


From  this,  we  can  obtain  the  following 
relationship  between  the  shield  potential  U^- 

dUA  Ua  dU«:  Uk 

Ca  +  —  Ck  + 


dt 


dt 


R* 


differential  equation  group  on  the 
and  the  arc  voltage  U^: 


(1) 


Ua  +  Uk  =  Ui,  (2) 

(3) 

Uz  =  Uk 

The  initial  condition:  Uz|  =  0. 

In  order  to  find  the  relationship  between  the  shield  potential  and  the  arc 
voltage  in  the  arcing  process,  we  can  make  the  following  assumptions: 

(a) .  The  relationship  between  the  arc  voltage  U, 

and  time  is  expressed  as:  L/hm5inia*t. 


(b)  .  The  valuses  of  the  equivalent  resistance  R^  and  Rj^  are  not  related  to  time. 

From  the  assumptions,  we  can  get:  /.  •  i>  ^ 

Rk  V  1+ j  R a) 

Uz  -  ^ - 

(RA+RK:)+j'^RARK(CA+CK;)  (4) 

In  the  design  of  vacuum  interrupters,  the  geometrical  positions  of  the  two 
contacts  against  the  shield  should  be  as  symmetrical  as  possible.  So  we  have:  Ca 
This  has  been  proven  by  experiments. 


Hence  equation  (4)  can  be  written  as:  =  p  U^„sm(  co  t+ tf) ) 


where , 


P=  {- 


[Rk:(Ra+Rk)+2(  0RaRkCa)^P+[  coRaRkCa(Ra+Rk)-2  coRAR^CAf 
[(Ra+Rk;)+(2  CdRaRkCa)^P 


(5) 


tg-M 


CD  RaCa(Ra-Rk:) 

Rk(Ra+Rk:) “2Rjec(  oRaCa)^ 


We  can  see  the  shield  potential  expressed  in  equation  (5)  differs  from  the 
arc  voltage  both  in  phase  and  amplitude.  The  amplitude  of  is  p  times  of  that  of 
U,  ;  while  the  phase  difference  between  U„  and  is  .  From  the  formula,  we  can 
see  that  this  value  can  be  positive  or  rfegative.  Uz  may  advance  or  lag  in  phase 
with  U,  .  When  R7.>R„,  <f)  >0,  Uz  advances  in  phase  with  U,  .  Otherwize,  it  lags  in 
phase  ifehind  ^ 

4.2.  Mathematical  derivation  of  relationship  between  the  shield  potential  and  the 
recovery  voltage 

The  model  shown  in  fig.  6’  can  be  used  as  a  reference  for  this  part  of 
discussion.  But  the  A  and  K  poles  should  be  reversed. 


The  resistors  Rj,  and  R„  are  closely  related  to  the  dispersion  process  of  the 
residual  particles  between  The  post-arcing  contact  and  the  shield.  The  dispersion 
state  is  reflected  on  their  resistance  values  and  hence  on  the  shield  potential 
waveform.  So  we  can  get  the  differential  equation  group  of  the  shield  potential  U^ 
and  the  recovery  voltage  U^^: 


d  (  Uh-Uz)  Uh-Uz  dUz  Uz 

Cjc~  +  -  =  Ca -  +  -  ( 6 ) 

dt  Rk  dt  Ra 

The  initial  condition:  tt  i  -  n 

Uzl  t-o  —  O' 

In  the  post-arcing  recovery  process,  a  shell  is  formed  on  the  surface  of  the 
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cathod  pole  .  This  shell  will  extend  gradually  to  the  anode  pole  until  the 
recovery  process  ends.  Most  of  the  transient  recovery  voltages  fall  on  the  shell. 
Therefore  we  will  consider  the  resistance  value  of  the  shell  to  be  very  great  in 
our  following  discussion. 

One  of  the  typical  cases  of  the  functional  relationship  between  the  post¬ 
arcing  recovery  voltage  and  time  can  be  expressed  as*^ : 

UH(t)  =  Uh^[  1  -  e-'^^cos^t  ]. 

where,  the  parameters  ot  ,  and  ^  are  determined  according  to  different 

waveforms . 

Next,  we  will  discuss  the  development  of  the  post -arcing  process  by  dividing 
it  into  five  stages.  In  the  discussion  of  each  of  the  stages,  we  will  regard 
and  as  constant  values,  as  shown  in  fig.  7. 

a).  The  stage  immediately  after  the  arc  current  zero,  as  shown  in  fig.  7  (a)  ,  At  this 
stage,  the  whole  space  of  the  shield  is  filled  with  post-arcing  residual  charge 


(d)  (e) 

Fig. 7.  Post-arcing  recovery  process  of  vacuum  interrupters 

From  equation  (6),  we  will  get; 

Uz= - 

Ra  +  Rk 

For  Ujj=0,  the  shield  potential  U2=0.  At  this  time,  both  the  shield  potential 
and  the  recovery  voltage  start  from  z^o. 

b).  According  to  the  post-arcing  recovery  model  of  medium  intensity  set  up  by 
Andrews  and  Varey  ,  the  recovery  will  start  first  from  the  cathod,  as  shown  in 
fig. 7(b) . 


At  this  stage,  since  the  equivalent  resistor  Rj^  reaches  a  certain  value 

because  of  the  formation  of  the  cathod  shell  and  ^ 

to  solve  equation  (6) ,  we  have;  pa* 


Uz=UH»>[l-e-“‘cosPt]- - {t(e‘ 

t 


_[-eCi/  X -  a>cos  ^t+  jBsin  j5t)-(l/  x  -  a)]} 


where,  which  is  a  constant. 

c).  When  the  dispersion  of  the  post-arcing  residual  charge  carriers  enters  the 
state  shown  in  fig.  7(c),  R^^ oo  .  To  solve  equation  (6),  we  will  have; 

Uz e-  Acos  P  t  +  Bsin  P  t) 
where. 
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is  a  constant  value. 


If  at  a  certain  moment  t«  of  this  stage, 
equation  (6)  will  become:  ^  n  nm 

dUz  Uz 

Ck - + -  =0 

dt  Ryv 

The  initial  conditions:  Ck 

Uzl  t-o  =  0.  Uzl  =  — - -14*= 

Ca  +  Ck 

To  solve  equation  (7) ,  we  have 

Ck 

- UHm  (1  - 

Ca  +  Ck 


(7) 


At  this  time,  the  shield  potential  is  determined  by  the  post -arcing  recovery 
parameters  of  vacuum  interrupters .  It  will  decrease  by  exponential  law  until  it 
finally  approach  to  a  constant  value. 


d).  When  the  dispersion  of  the  post-arcing  residual  charge  carriers  reaches  the 
stage  shown  in  fig.  7(d),  co  ,  is  at  a  constant  value. 


For  we  have  ^ 


where 


alx-2a^-2P^ 
4i5=  +  (2  a  -  1/T)  = 


to  solve  equation  (6) , 
Uz=UHm  e“"^(Acos^t  +  Bsin^t) 


44^  +  (2a  -  l/x)  = 


The  case  described  at  the  end  of  stage  c  may  also  happen  here.  The  result 
will  be  the  same  as  that  described  in  stage  c. 

e).  When  the  dispersion  of  the  post-arcing  charge  carriers  ends,  the  condition 
inside  the  shield  is  shown  in  fig.  7(e).  At  this  stage,  Rj,-->co  /  C,  and  C„  are 

all  constants.  To  solve  equation  (6) ,  we  have  ^ 

Ck 

Uz= - 

Ca  +  Ck 

Therefore,  after  this  stage  the  shield  potential  waveform  will  comform  with 
the  recovery  waveform.  But  their  amplitudes  are  different. 


5 . CONCLUSIONS 


1.  In  the  arcing  process  of  vacuum  interrupters,  the  phases  of  the  waveforms  for 
the  shield  potential  and  the  arc  voltage  are  different.  The  difference  changes 
when  the  arcing  state  changes .  Hence  we  can  analyze  the  change  of  arcing  states  by 
means  of  the  phase  difference  between  the  two  waveforms. 

2.  In  the  post-arcing  recovery  process  of  medium  intensity,  the  relationship 
between  the  shield  potential  and  the  recovery  voltage  changes  throughout  the  whole 
recovery  process.  This  includes  amplitude  difference  and  amplitude  attenuation 
relationships.  In  the  different  stages  of  the  post-arcing  recovery,  the 
relationships  change . 

3 .  By  comparing  the  arcing  waveforms  of  vacuum  interrupters  of  AMF  and  CMF 
contacts,  we  find  that  the  arcing  non-stability  of  the  AMF  contacts  happens  at  the 
rising  stage  of  the  arc  current.  While  the  arcing  non-stability  of  the  CMF 
contacts  happens  near  the  peak  value  of  the  arc  current . 
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ABSTRACT 

This  paper  studies  post-arcing  recovery  characteristics  of  vacuum 
interrupters  under  the  action  of  a  high  rising  rate  of  recovery  voltage  (rrrv)  by 
analyzing  waveforms  of  recovery  voltage  and  shield  potential.  It  discovers  that  in 
the  post-arcing  recovery,  there  are  two  processes:  electric  recovery  process  and 
plasma  recovery  process.  The  two  processes  relate  closely  with  the  performance  of 
a  vacuum  interrrupter .  The  success  of  the  breaking  of  a  vacuum  interrupter  will 
rely  on  the  plasma  recovery  process . 

1 .  INTRODUCTION 

The  recovery  speed  of  the  post-arcing  medium  intensity  of  a  vacuum 
interrrupter  is  very  high.  Generally,  arcing  is  put  off  after  the  first  arc 
current  zero.  For  this  reason,  vacuum  interrupters  are  used  more  and  more  to  break 
special  circuits  with  high  rrrv.  Therefore,  we  think  it  necessary  to  make  a  deep 
study  of  the  post -arcing  recovery  characteristics  of  medium  intensity  under  the 
action  of  a  high  rrrv. 


2.  EXPERIMENT  METHOD 


Fig.l  Test  circuit  for  the  experiment 

The  power  supply  for  the  experiment  is  an  LC  oscillation  circuit.  A  Tek  P6015 
high-voltage  probe  T1  is  used  to  measure  the  recovery  voltage.  A  capacitance 
divider  is  used  to  measure  the  shield  potential.  All  the  experimental  waveforms 
are  printed  by  a  Fluke  &  Philips  PM3335,  60MHz  memory  oscilloscope.  The  rrrv  is 
approximately  1.2kV/us.  The  response  time  of  the  measurement  system  is  restricted 
within  100ns. 

The  experimental  samples  are  commercially  available  vacuum  interrupters 
constructed  with  cup- shaped  axial  magnetic  field  (AMF)  contacts  and  cup- shaped 
cross  magnetic  field  (CMF)  contacts. 

In  the  following  discussion,  without  special  description,  waveform  (a)  will 
be  the  recovery  waveform.  Its  voltage  division  ratio  is  1:1000V.  Waveform  (b)  will 
be  the  shield  potential  waveform.  Its  voltage  division  ratio  is  1:100V. 

3. EXPERIMENTAL  RESULTS  AND  ANALYSIS 
3.1  Analysis  of  the  experimental  results  of  AMF  contacts 

The  post-arcing  recovery  voltage  waveform  is  determined  by  the  circuit 
parameters .  It  has  nothing  to  do  with  the  performance  and  the  construction  of  the 
vacuum  interrupter.  While  the  shield  potential  waveform  relates  closely  with  the 
state  of  the  post-arcing  medium  intensity  recovery,  as  shown  in  fig. 2.  From 
fig.2(b),  we  can  see  that  in  the  shield  potential  waveform,  three  parameters,  i.e. 
electric  recovery  time  (the  time  from  the  zero  point  to  the  peak  value)  ,  plasma 
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recovery  time  (the  time  from  the  zero  point  to  the  end  of  the  horrizontal  line) 
and  the  biggest  amplitude  value  of  the  waveform  oscillation,  change  with  the 
breaking  state  of  the  vacuum  interrupter.  Among  the  three  parameters,  the  plasma 
recovery  time  is  most  critical.  It  relates  closely  with  the  post-arcing 
dispersion  state  of  electrically  conducted  residual  particles.  It  embodies  the 
post-arcing  recovery  of  medium  intensity. 

i  V  B  =  0.5  V  TB=  5Ctus  TD=-  4D  A=  I  V  B  =  0.5  V  TB  =  6.25u3  TD=-  Z2D 


(b) 


Fig. 2  Recovery  waveform  of  vacuum  interrupter  with  AMF  contacts 


Ik  =  6.3J^A. 

o.  Ik-  J5KA- 

t.  Ik=22.4*<A 
M.  breakdown  . 


Fig. 3  Relationship  between  the  plasma  recovery  time  and  the  breaking  state 


From  the  experimental  results,  we  can  see  when  the  breaking  current  and  the 
contact  gap  increase,  the  electric  recovery  time  becomes  longer.  So  does  the 
plasma  recovery  time.  But  the  oscillation  amplitude  of  the  shield  potential 
waveform  decreases,  as  shown  in  fig. 3. 


3.2  Analysis  of  the  experimental  results  of  the  CMF  contacts 


fix), 5  V  B:  I  y  TB=6.25us  TD“-  64C 
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Fig. 4  Post-arcing  recovery  waveform  of  the  CMF  contacts 

By  comparing  the  post -arcing  recovery  process  for  the  i\MF  and  CMF  contact 
vacuum  interrupters,  we  find  that  the  waveform  oscillation  of  the  post-arcing 
shield  potential  of  AMF  contacts  first  increases  and  then  attenuates  to  zero; 
while  the  waveform  oscillation  of  the  post-arcing  shield  potential  of  CMF  contacts 
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always  attenuates.  The  waveform  for  the  AMF  contacts  is  of f- zero- line  positive  and 
negative  oscillation;  while  the  waveform  for  the  CMF  contacts  is  single-pole 
oscillation.  From  the  experiment,  we  can  see  that  the  time  for  post-arcing  plasma 
recovery  of  the  CMF  contacts  is  much  longer  than  that  of  the  AMF  contacts. 

Personally,  we  think  these  differences  may  be  caused  by  the  delay  effect  of 
the  AMF  contact  post-arcing  vortex  on  the  attenuation  of  the  axial  magnetic  field. 
The_  delay  effect  limits  the  dispersion  of  charge  carriers  and  buffers  the 
oscillation  of  the  shield  potential  waveform.  However,  such  delay  effect  and 
buffering  do  not  exist  in  the  vacuum  interrupter  with  the  CMF  contacts. 

3.3  Analysis  of  the  waveform  for  breaking  failure 


A=0.5  V  B=0.2  V  TB=12.5us  rD=-  16D 


TB=12.5us  TD=-  UD 


— ! 

1 

^  1 

1 

1 

r' 

!  1 

1 

1 

j|M- 

A  . 

1 

] 

r 

(a)  _  _  (b) 

Fig. 5  Waveform  for  breaking  failure  of  vacuum  interrupter  with  AMF  contacts 


In  fig. 5 (a),  breakdown  happens  to  the  recovery  voltage  waveform  after  40us  of 
current  zero.  The  same  thing  happens  on  the  shield  potential  waveform  at  this 
moment.  Then  the  breakdown  to  the  two  waveforms  recover  by  itself.  From  the 
breaking  current  waveform,  we  can  see  the  breaking  succeeds.  While  in  fig.5{b), 
breakdo^  happens  to  the  recovery  voltage  waveform  after  24us  of  current  zero.  The 
same  thing  happens  on  the  shield  potential  waveform.  Then,  the  breakdown- recovery- 
breakdown  process  repeats  for  several  times.  From  the  breaking  current  waveform, 
we  can  see  the  breaking  fails.  Therefore,  we  think  that  each  breakdown  happens  in 
the  plasma  recovery  process. 


4. CONCLUSION 

From  the  analysis  for  the  experimental  results,  we  think  there  is  a  great 
deal  of  residual  plasma  in  the  contact  gap  and  the  shield  space  immediately  after 
the  current  zero.  With  the  elapse  of  time,  the  cathod  shell  begins  to  extend 
gradually.  The  recovery  voltage  is  mainly  applied  to  this  shell. 

In  the  post-arcing  recovery  process,  there  is  electrically  conducted  residual 
plasma  (not  neutral  metal  vapor)  left  in  the  shield  space.  It  short  circuits  the 
shield  and  the  anode.  The  recovery  voltage  mainly  drops  on  the  shell  that  grows  on 
the  cathod  surface  and  extends  continuously.  Therefore,  the  electric  field 
intensity  inside  the  shell  is  usually  very  great.  In  addition,  the  recovery 
process  is  unstable.  These  factors  cause  the  shell  to  breakdown  and  hence  make  the 
breaking  fail . 
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ABSTRACT 

This  paper  measures  and  analyzes  the  waveforms  of  recovery  voltage  and  shield 
potential.  It  discovers  that  in  the  shield  potential  waveform,  when  the  breaking 
current  is  close  to  its  limit,  an  unregular  distortion  happens  to  it.  It  is 
proved  that  not  only  the  speed  of  post-arcing  recovery  process  varies,  but  also 
non-stabilty  exists  in  the  process.  This  non-stability  increases  as  the  breaking 
current  reaches  its  limit.  The  non-stability  may  cause  post-arcing  breakdown  and 
breaking  failure. 


1.  INTRODUCTION 

In  short-circuit  current  breaking  process  in  a  vacuum  interrutper,  at  the 
moment  of  arc  current  zero,  there  are  a  large  number  of  residual  arc  ions, 
electrons,  neutral  particles  and  metal  vapour  particles  in  the  spaces  of  the 
contact  gap  and  between  the  contacts  and  the  shield.  With  the  dispersion  of  these 
residual  particles,  the  post-arcing  voltage  standing  capability  of  the  vacuum 
interrupter  increases  gradually  until  it  becomes  a  _  steady  value  which  is 
determined  by  the  contact  surface  conditions.  In  the  dispersion  process  of  the 
residual  particles,  if  at  an  arbitrary  moment,  the  transient  recovery  voltage 
value  is  greater  than  the  medium  recovery  intensity,  post -arcing  breakdown  will 
happen,  which  will  cause  breaking  failure.  Therefore,  the  success  of  breaking  of 
the  vacuum  interrupter  will  mostly  rely  on  the  post-arcing  recovery  state  of 
medium  intensity. 


2.  METHOD  TO  MEASURE  THE  SHIELD  POTENTIAL 


Fig.l  Test  circuit  of  the  experiment 

The  power  supply  of  the  experiment  is  a  synthetic  circuit  or  an  LC 
oscillation  circuit.  A  Tek-P6015  high-voltage  probe  is  used  to  measure  the 
recovery  voltage.  A  capacitance'  divider  is  used  to  measure  the  shield  potential. 
All  the  measured  waveforms  are  printed  with  a  PM3335,  60MHz  memory  oscilloscope. 
To  perform  the  experiment  with  a  synthetic  circuit,  the  amplitude  of  the  recovery 
voltage  is  15.5kV;  the  rising  rate  is  about  0.34kV/us.  To  perform  the  experiment 
with  an  LC  oscillation  circuit,  the  rising  rate  of  recovery  voltage  (rrrv)  is 
about  1 . 2kV/us .  In  the  experiment,  we  pay  more  attention  to  the  phase  or  time 
difference  between  waveforms  than  to  the  amplitudes  of  v/aveforms.  Since  the  time 
for  the  post-arcing  recovery  is  very  short  (generally  at  the  class  of  micro 
second) ,  we  have  limited  the  response  time  fcr  the  measurement  system  within 
100ns  in  order  to  get  a  real  and  complete  picture  of  the  post-arcing  recovery 
process. 

The  samples  for  the  experiment  are  comei daily  available  cup-shaped  axial 
magnetic  field  (AMF)  contacts  and  cup-shaped  cross  magnetic  field  (CMF)  contacts, 
as  shown  in  fig. 2. 
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In  the  following  discussion,  without  further  specification,  waveform  (a)  will 
be  the  recovery  voltage  waveform.  Its  voltage  division  ratio  is  1:1000V.  Waveform 
(b)  will  the  shield  potential  waveform.  Its  voltage  division  ratio  is  1:500V. 


(a)  AMF  contacts  (b)  CMF  contacts 

Fig.  2  Sample  contacts  for  experiment 

3.  EXPERIMENTAL  RESULTS  AND  ANALYSIS 
3.1.  Standard  lOkV  class  recovery  voltage  being  applied 


A>  5  V  B>0.1  V  TB=  2111  TD«-  lOD 
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(a)  1=25. 5kA  (b)  1=28. 6kA 
Fig. 3.  Diameter  of  the  AMF  contacts:  60mm. 

Diameter  of  the  shield:  120mm.  d=6mm. 

Under  the  action  of  lOkV  class  recovery  voltage,  when  the  contact  gap  is 
small  (d=6mm)  and  the  breaking  current  reaches  its  limit,  as  shown  in  fig. 3 (a), 
the  waveforms  of  the  recovery  voltage  and  the  shield  potential  keep  smooth.  This 
indicates  that  the  post-arcing  recovery  process  of  medium  intensity  is  stable. 
When  the  breaking  current  reaches  its  limit  (The  breaking  for  this  current  for  the 
second  time  f ailes . ) ,  as  shown  in  fig. 3(b),  a  very  serious  fluctuation  will  happen 
to  the  shield  potential  waveform.  This  shows  the  non-stability  of  the  post-arcing 
recovery  process  under  this  state.  Namely,  the  dispersion  process  of  the  residual 
particles  fluctuates  unregularly. 

When  the  contact  gap  is  big  (d=16mm)  ,  we  find  the  poles  for  the  shield 
potential  reverse,  as  shown  in  fig. 4.  If  the  breaking  current  is  small,  the  time 
for  the  pole  reversion  is  longer,  as  shown  in  fig. 4  (a).  With  the  increase  of  the 
breaking  current,  the  pole  reversion  time  becomes  shorter,  as  shown  in  fig. 4(b). 

The  reversion  of  the  poles  of  the  shield  potential  is  caused  by  the  surplus 
positive  ions  accumulated  on  the  shield  because  of  the  bombardment  of  the  post- 
arcing  residual  particles .  Or  it  is  because  a  large  number  of  secondary  electrons 
are  emitted  and  make  the  shield  potential  higher.  This  will  cause  the  electric 
field  intensity  between  the  shield  and  the  contacts  to  increase.  Under  this 
circumstance,  breakdown  is  likely  to  happen.  From  this  result,  vie  can  see  the 
pole  reversion  of  the  shield  potential  indicates  only  the  breaking  current  is  very 
close  to  its  limit.  It  has  not  reached  its  limit. 
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From  the  above,  we  can  see  that  the  dispersion  of  the  residual  post-arcing 
particles  is  a  ununiform  oscillation  process.  Hence,  we  think  the  recovery  of 
post-arcing  medium  intensity  is  a  unstable  process. 


A>  5  V  B>0.1  V  TB=  2*15  TD*-  SO 
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(a).  1=18. 6kA  (b) .  1=21. IkA 

Fig. 4  AMF  contact  diameter:  60mm.  d=16mm 


3.2.  High  rising  rate  of  recovery  voltage 

Next,  we  will  study  the  stability  of  post-arcing  medium  intensty  by 
increasing  the  rrrv  from  0.34kV/us  to  about  1.2kV/us. 


A>0.5  V  B>  50«V  TB-  las  TD«-  3D 


(a) .  d=3mm 

Fig. 5. 


A>0.5  V  B>  SObV  TB=  Us  TD  =  -  3D 
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AMF  contact  diameter ; 40mm,  I=12kA 


curve  I  . 

+  •  Oirve  z  . 

O-  Curve  3- 

■  .  pole  reversion. 


Fig. 6  Relationship  between  the  contact  gap  and  the 

1.  AMF  contact  diameter : 40mm;  shield  diameter : 12 0mm; 

2.  AMF  contact  diameter : 60mm;  shield  diameter : 12 0mm; 

3.  AMF  contact  diameter : 60mm;  shield  diameter:  85mm; 


shield  potential 
I„=12kA 
1^=2 OkA 
I^=22kA 
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In  fig.  6,  we  used  the  same  AMF  contacts  with  diameter  of  6  0mm.  The  shield 
diameters  are  120mm  and  85mm  respectively.  We  can  see  that  for  the^  shield  with 
diameter  of  85mm,  until  the  contact  gap  becomes  17mm,  pole  reversion  does  not 
happen.  This  shows  that  its  post -arcing  recovery  is  good. 


When  the  breaking  current  and  the  recovery  voltage  become  constant,  as  the 
contact  gap  increases,  the  amplitude  of  the  shield  potential  increases  gradually 
until  unstable  oscillation  and  pole  reversion  happen,  as  shown  in  fig. 5.  One 
phenomenon  deserves  our  attention:  as  the  contact  gap  or  the  breaking  current 
increases,  there  is  a  step  in  the  shield  potential  waveform.  The  step  tends  to 
last  longer.  The  step  often  becomes  shorter  and  even  disappears  when  the  breaking 
current  is  close  to  its  limit.  Instead  of  the  step,  non- stability  or  pole 
reversion  happens  to  the  shield  potential  waveform,  as  shown  in  fig. 7. 


A>0.5  V  B>  SOfflV  16=  Us  TD  =  -  3D 


(a).  d=21.7kA  (b) .  d=22.4kA 

Fig. 7.  AMF  contact  diameter : 80mm.  d=10mm 


4. CONCLUSION 


When  the  breaking  current  of  in  the  vacuum  interrupter  is  close  to  or 
reaches  its  limit,  a  serious  non-stability  will  happen  to  the  post-arcing  recovery 
process.  Therefore,  we  can  judge  the  limit  value  of  the  breaking  current  by 
observing  whether  there  is  an  unstable  oscillation  or  pole  reversion  on  the  shield 
potential  waveform. 
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ABSTRACT 

In  this  paper,  the  multi-channel  array  probes  have  been  applied.  And  the  computer  measuring  system  has 
been  adopted  to  deal  with  the  measuring  results  to  get  the  electron  density  and  electron  temperature  at  the  point 
of  the  probe  in  vacuum  chamber.  And  the  electrode  with  self  — axial  magnetic  field  can  be  analysed  comparing 
with  electrode  with  self— radial  magnetic  field  by  the  distribution  of  electrode  density  in  the  chamber  to  study 
the  effect  of  magnetic  field  on  the  diffusion  ion. 

INTRODUCTION 

Vacuum  arc  is  metal  vapour  arc.  Metal  vapour,  electrons  and  ions  come  mainly  from  cathode  under  low 
current.  But  the  electron,  ion  and  metal  vapour  come  from  the  spot  or  several  spots  on  the  surface  of  the  cath¬ 
ode.  The  cathode  spots  move  at  very  high  speed  on  the  surface  of  cathode.  The  current  density  forming  the 
cathode  spots  is  very  high.  Electron  emission  is  due  to  heat— field  emission.  The  position  where  spots  appear  is 
relative  with  the  roughness  of  cathode  surface.  Many  scientists  focus  their  working  on  the  contact  surface,  the 
material  of  electrodes  and  forming  process  of  anode  spot h  Some  scientists  studied  the  diffusing  procedure  of  ions 
and  electrode.  For  example ,  prof.  R.  L.  Boxman  researched  the  electron  and  vapour  densities  in  a  high  current 
vacuum  arc  by  interferometric  measurements.  The  distribution  of  electrode  density  is  obtained  on  the  electrode 
density  (see  fig.  1)^  H.  Toya  measured  the  electron  temperature  by  the  spectroscopic  measurement.  The  mea¬ 
suring  results  is  shown  in  fig.  2.  ^ 
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Fig. 3  Testing  and  mesuring  circuit 

1-chamber  2-electrode  3- probes  ^-measuring  circuit 

S-transient  recoder  6-computer  7-recoder  8-printer 


In  this  paper ,  the  axial  and  radial  distribution  of  electron  has  been  gauged  whether  inside  the  arc  column  of 
outside  the  arc  column  by  the  axial  and  radial  array  probe.  The  diffusion  performance  of  electron  and  the  forma¬ 
tion  of  anode  spot  can  be  obsearved  when  interrupting  a  high  current. 

2.  TEST  SETUP  AND  MEASURING  RESULTS 

Testing  circuit  is  shown  in  fig.  3.  Ther  vacuum  degree  is  8  *  10“®Pa  in  atacheable  chamber.  Cup  structure 
contact  with  axial  magnetic  and  spiral  structure  with  radial  magnetic  ha  been  used  in  this  experiment  (see  fig.  4> 
5).  High  voltage  pulse  trigger  has  been  fixed  on  the  down  electrode  to  form  the  vacuum  arc  between  electrodes. 
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The  distance  between  electrodes  is  adjustable.  Axisymmetric  array  probes  have  been  applied  to  solve  the  effect 
of  space  potential  of  ions  by  single  probe.  Meanwhile ,  the  probe  characteristics  curve  of  double  array  probe  is 
better  than  single  probe  as  to  magnetic  field.  Three  group  of  double  array  probes  (a) ,  (b)  and  (c)  is  horizontal 
section.  The  position  of  probe  can  be  adjustable.  The  probes  are  made  of  Mo  wire  (diameter  0.  6mm  and  length 
3mm).  Each  group  of  probes  is  applied  by  sew  voltage,  the  peak  value  is  minimum  for  the  group  which  is  the 
nearest  one  to  center.  But  the  output  current  is  maximum. 


Fig. 4  The  electrode 
with  cup  axial- 
magnetic  field  structure 


Fig.S  The  electrode 
with  epiricd  radial- 
magnetic  field  Btructure 


Fig.€  The  probe  voltage  and  current 
1- probe  voltage  2-(a) probe  current 
3-(h) probe  current  4-(c) probe  current 


Probe  current  turns  to  voltage  by  high  frequency  current  transformer  and  risistance.  The  signal  has  been 
collected  and  restored  by  multichannel  transient  recorder.  Then,  the  data  is  handled  to  draw  the  curve  of  volt¬ 
age  and  current  of  probe  (fig.  6)  At  last,  the  electron  temperature  and  electron  density  deduced  from  voltage  and 
current  curve  above. 

In  this  experiment,  the  arc  current  is  2kA— 12kA.  And  charged  voltage  is  400~1000V  for  hypothetic  cir- 


3.  DISCUSSION 

The  relationship  between  electron  temperature  and  density  for  axisymmetric  double  probes  is  following^*' 


IrT  - 

elio 

(1) 

Kk  J.  e 

%dla 

^dv; 

Id 

=  0 

Mo _ 

lio 

/  mi 

(2) 

iNe  — 

a.  Z.  e. 

si^ 

y/ 2kTe 

SPIE  Vol.  22591309 


Fig,9  The  relationship  between  electron  den^y  and 
arcing  time  for  axial'rnagneiic  field  electrodes 


T(ms) 

Fig.lO  The  relationship  between  ekctrcn  density  and 
ardng  time  for  spirialradial-nagnetic  fMd  electrodes 


Where:  lio: ion  saturation  current.  Id : probe  current  .Vd: probe  voltage.  a!constant(  =  0.  4~1.  0).  Z:  ion¬ 
izing  parameters  (  =  1).  Si:  surf  ace  area  of  probe.  mi:atom  mass  of  copper  .  k:constant. 

Electron  density  and  temperature  can.  calculated  with  formula  (l)j(2)  by  computer  to  get  the  fig.  7»  fig. 
8,  fig.  9  and  fig.  10.  Cl -(a)  probe;  2-(b)probe:  3-(c)probeD 

Fig.  7  and  fig.  9  are  about  diameter  60mm  CuCr  electrode  with  axial  magnetic  field.  The  distance  between 
electrodes  is  16mm.  The  array  probe  is  the  center  position  between  electrodes. 

Fig.  8  and  Fig.  10  are  about  diameter  60mm  spirial  structure  with  radial  magnetic  field.  The  distance  be¬ 
tween  the  electrodes  is  16mm.  The  array  probes  are  the  center  between  electrodes.  The  electron  temperature 
near  the  center  of  the  vacuum  arc  is  lower  for  axial  magnetic  field.  And  the  electron  temperature  is  higher  far 
from  the  center  of  arc.  It  is  different  with  other  kinds  of  arcs.  By  many  experiments ,  the  total  temperature  is 
lower  because  of  low  power  electron  constrained  in  arc  column  and  high  power  electron  escapes  from  vacuum 
arc  column,  so  the  electron  temperature  is  higher  far  from  vacuum  arc  column.  But  there  is  not  this  phenomena 
far  electrodes  with  radial  magnetic  field  structure  (see  fig.  9). 

The  electron  density  is  proportional  to  arcing  times  or  arc  current  (see  fig.  8»9)  from  so  much  experimental 
data.  A  great  part  of  data  shows  the  movement  at  electron  density  pesk  is  earlier  than  the  moment  at  current 
peak.  It  is  because  the  metal  vapour  density  is  low  in  l~2ms  when  arcing  begins.  Metal  atom  is  seldom  ionized 
and  main  conductor  in  the  vacuum  arc  are  electrons. 

Fig.  11  is  the  distribution  of  electron  density.  The  electrode  density  droped  down  more  quickly  at  radial  di¬ 
rection  outside  of  vacuum  arc  for  axial  magnetic  structure  than  radial  magnetic  structure.  The  total  electron 
density  spread  freely  in  vacuum  is  more  quickly  than  column  gas  and  ball  shape  gas.  This  tells  us  the  electron 
move  at  a  certain  direction  and  influenced  by  electric  field  and  magnetic  field. 

The  distribution  of  the  electron  density  at  axial  direction  for  spiral  structure  under  same  current  is  shown 
in  fig.  12.  From  fig.  12,  the  nearer  to  center  of  arc  column,  the  higher  electron  density  is.  This  is  because  of  se¬ 
rious  constriction  of  arc. 

The  relationship  between  electron  density  and  the  gap  between  electrodes  is  shown  in  fig.  13.  There  is  a 
maximum  value  of  electron  density  at  a  certain  position. 
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The  axial  magnetic  field  is  weaker  than  other  positions  when  the  gap  between  electrodes  is  becoming 
large.  And  the  diffusion  of  the  center  of  arc  is  serious.  So  the  electron  density  (the  gap  between  electrodes  is 
45mm)  is  lower  than  the  electron  density  of  the  center  of  vacuum  arc(the  gap  between  electrodes  is  35mm). 

4.  CONCLUSION 

a.  The  electron  temperature  is  not  lower  from  the  center  to  outside  of  arc  at  radial  direction.  The  electron 
temperature  outside  of  arc  is  higher  than  in  the  arc. 

b.  The  electron  density  for  radial  magnetic  field  structure  is  ,  lower  than  the  one  for  axial  magnetic  field  un¬ 
der  same  current. 

c.  The  electron  density  for  radial  magnetic  field  is  drop  down  more  ^isivly  than  the  one  for  axial  magnetic 
field. 

d.  The  distribution  of  electron  density  and  temperature  at  radial  direction  is  relative  with  the  gap  between 
electrides.  And  the  distribution  property  is  dependent  on  the  diffusion  and  the  constriction  of  vacuum  arc  under 
a  different  gap  between  electrodes. 
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ABSTRACT 

Breaking  capacity  of  vacuum  circuit  breakers  (VCB's)  is  limited  by  dynamic  voltage  withstanding  of 
their  vacuum  interrupters  in'a  sense*  Dynamic  insulation  in  a  vacuum  interrupter  can  be  represented 
externally  by  their  dielectric  recovery  behaviour  and  the  stability  of  voltage  wi thstanding*  The 
internal  feature  of  dynamic  insulation  includes  two  sides;  one  is  the  weak  points  under  high  electric 
stress^  the  other  is  macro-particles  produced  in  the  process  of  breaking  high  current. Some  experiments 
were  made  to  investigate  these  features.  After  analysis  of  the  results^  we  give  some  measures  to  improve 
dynamic  insulation  of  vacuum  interrupters. 


1,  INTRODUCTION 


Vacuum  circuit  breakers(VCB^s),  as  a  new  generation  of  switches^  have  found  wide  applications  in 
power  system.  As  the  development  of  VCB's.  they  were  asked  having  higher  breaking  capacityand  higher 
reliability.  One  of  the  key  quesions  is  the  dynamic  insulation  of  their  vacuum  interrupters  during  the 
process  of  breaking  high  current.  As  distinct  from  static  insulation,  that  is  represented  by  static 
voltage  withstanding  of  new  vacuum  interrupters^  dynamic  insulation  means  a  voltage  withstanding  on 
the  process  of  dielectric  recovery  and  in  some  sense,  the  stability  of  insulation  afterhigh  current 
breaking.  Generally,  the  static  voltage  withstanding  of  anew  vacuum  interrupter  is  very  high, 
but,  when  it  is  used  to  break  high  current  it  may  fail  to  withstand  recovry  voltage,  that  is  much 
lower  in  peak  than  the  static  breakdown  voltage.  Besides,  the  static  voltage  withstanding  after  high 
current  breaking  or  just  after  some  stand  idle  times  will  be  deteriorated,  we  looked  it  as  also  a 
question  of  dynamic  insulation. 

Dielectric  recovery  is  an  external  feature  of  dynamic  voltage  withstanding  of  vacuum  interrupters.  A 
former  work  gave  some  investigations  on  it  and  showed  that  the  sheath  field  enhancement  is  the  main 
cause  of  dielectric  breakdown'^^ .  Dielectric  recovery  behaviour  was  also  affected  by  micro-surface 
reinforcement  and  thermo-reinforcement,  which  also  indicates  the  internal  causes  of  dielectric 
breakdown. 

Latham  R.V.  analysed  the  breakdown  in  vacuum  gaps  and  defined  two  field  enhancement  factors,  pg  and 
p  u.?  as  the  macro-enhancement  and  the  micro-enhancement  respectively'^'.  The  points  with  high  p  factor 
and  easy  to  cause  a  breakdown  luider  high  electric  field  stress  were  called  "weak  points".  Generally  they 
are  micro-protrusions,  impurities,  and  absorbed  gas  layers  on  the  surface  of  tlie  electrodes  and  the 
shields.  He  also  showed  that  macro-particles,  both  conductive  or  insulative,  made  a  large  contribution 
on  breakdown.  Arc  discharge  can  eliminate  most  of  the  weak  points,  but  after  the  arcing  they  will  be 
reproduced  again  by  whiskey,  edge  of  spot  sites,  impuri ties, and  explosive  gases  from  electrode 
materials.  Besides,  Gellert  B.,  et  al  gave  out  a  measurement  of  particles  and  vapor  density  after  high 
current  vacuum  arcs  by  laser  techniques ami  got  verification  of  macro-particles  existed  in  the  gap 
when  the  arc  extinguished,  vSo  the  question  of  dynamic  voltage  withstanding  should  include  two  internal 
causes:  the  weak  points  and  the  macro-particles.  And  all  our  efforts  were  marie  just  in  these  two  fields. 
By  means  of  experiments,  we  can  find  their  action  mechanism  and  the  way  to  improve  dynamic  insulation. 

2.  EXPERIMENT  SET-IP 


A  group  of  commerical  vacuiun  interrupters  were  taken  as  the  samples,  they  have  the  sairie  ratings  of 
10kV/20kA'63l]A  and  same  contact  material,  but  different  magnetic  field  construct  Ions.  Experiments 
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began  from  the  process  of  conditioning  after  the  vacuum  chambers  were  sealed  up, The  source  for 
conditioning  was  an  AC  transformer  with  the  rating  of  150kV  lOOkVA,  A  generally  spark  conditioning 
procedure  was  made  in  the  air,  and  aji  ultra-high  voltage  conditioning  was  made  with  the  samples 
immersing  in  transformer  oil.  The  current  breaking  tests  were  made  by  a  LC  oscillated  loop  as  showed  in 
Fig.b  that  can  give  out  a  rated  load  current  of  lOkV  630A,  or  a  short  circuit  current  of  10kV/20kA  in 


power  frequency.  We  measured  the  voltage  withs¬ 
tanding  of  the  samples  before  and  after  current 
breaking  by  impulses  of  1.2>  50|.ts>  and  taken 
the  highest  impulse  level  that  the  sample  can 
withstand  15  times  continually  as  the  breakdown 
voltage. 

At  the  last,  we  dissected  the  samples  and 
investigated  the  surface  state  of  contacts  by 
SEM^  and  related  it  with  their  dynamic  voltage 
withstanding.  The  samples  were  acted  by  a  single 


phase  actuator  Sp;  and  the  signals  were  meas¬ 
ured  by  F  and  D  separately.  Fig.l  Test  circuit  for  current  breaking 


3.  RESULTS  AND  DISCUSSIONS 


Before  we  find  a  solution  on  dynamic  voltage  withstanding,  analysis  of  mechanism  on  breakdown  of  a 
new  vacuum  interrupter  is  necessary.  As  discussed  above,  we  have  to  investigate  it  from  the  internal 
causes  of  breakdown,  and  look  for  a  practical  way  to  improve  the  dynamic  insulation  of  VCB's. 

3.1.  Weak  points-distribution  and  elimination 

For  a  vacuum  interrupter  just  sealed,  the  distribution  of  weak  points  is  mainly  within  two  regions; 
on  the  surfaces  of  the  contacts  (the  main  gap),  and  the  other  surfaces  of  the  shields  and  electrode 
system  (the  additional  gaps).  One  of  the  useful  ways  to  eliminate  or  blimt  weak  points  is  voltage 
(spark)  conditioning.  Two  groups  of  samples  with  same  electrode  construction  and  same  contact  material 
of  CuCr,  were  conditioned  by  a  generally  conditioning  procedure  and  an  ultra-high  voltage  conditioning 
procedure,  respectively.  Fig. 2  shows  the  relation  between  the  gap  length  L  and  breakdownvoltage  Ub.  In 

general  case,  the  conditioning  in  the  air  was  finished  as  the  curve  begins  to  saturation,  although  it 

was  limited  by  flash  over  as  the  case  of  curve(a).  This  kind  of  conditioning  procedure  caii  only 
eliminate  and  blunt  weak  points  on  the  main  gap.  It  caxi  not  destroy  the  weak  points  on  the  additional 
gaps,  that  will  ignite  a  breakdown  in  the  process  of  dielectric  recovery  or  and  decrease  the  voltage 
withstanding  after  high  current  breaking.  Curve(h)  is  the  case  that  an  ultra-high  voltage  was  made  with 
the  samples  immersing  in  transformer  oil.  When  the  discharge  got  enough,  conditioning  can  be  made  to 

both  main  gap  and  additional  gaps  thoroughly,  Ub 

that  can  improve  dynamic  voltage  withstanding  to 
a  large  extent  and  increase  the  stability  of  their  100 

insulation. 

A  former  worke  showed  that-"^^,  If  we  use  an 
impute  source  for  conditioning,  the  curves  in  Fig.  2 
can  be  got  also,  but  the  breakdown  voltage  is  not  50 

stale.  Wlien  the  contacts  were  acted  by  arc  or  by 
impact,  even  by  standing  some  idle  time,  breakdown 
voltage  will  decrease  again.  This  unstabitity  was 
not  found  when  using  an  AC  voltage  source.  This 

result  shows  again  that  discharge  energy  is  most  0  4  8 

important  in  the  process  of  condi tioning.  Fig. 2  Conditioning  voltage  to  gap  length 
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;j.2.  Destruction  arid  reprodurtion  of  weak  points 

Destruction  and  reproduction  of  w^eak  points  after  current  breaking  dominate  the  dvjiajdc  voltaue 
withstanding  of  vacuiifli  interrupters  in  general  case.  It  is  well  known  that,  a  current  condi  t  i  oning  ran 
destroy  weak  points  effectively,  Imt  a  high  lurreat  breaking  will  reproduce  weak  points,  that  is 
destruction  and  reproduction  of  weak  points  is  n  process  of  flynainic  equi  1  ibrimii.  The  question  is  from 
which  current  level  the  B  factor  begins  lo  increase.  Fig.:l  shows  some  :;EM  photograplis  oi/l:onlact 
surfaces  after  bieaf:ing  h;{ijA  rated  load  current  10.  OnO  tinies(a)  ajid  24. 5kA  short  circuit  current  :!ij 
timesfb).  Electrodes  of  the  samples  were  with  a;\ial  magnetic  field  ariil  Idifr  material,  Apparentlv.  tlie 
iiiicro-constructure  was  distroied  seriously  in  the  case  of  breaking  liigli  current,  and  the  voltage 
wilhstandincj  measurement  showed  that,  its  hreakflown  voltage  was  decreased  also.  Table  i  lists  some  test 
results  after  breaking  different  current;  tiie  samples  were  same  as  above,  but  got  different  magiietic 
field  states,  axial  magnetic  field  (A^fF).  or  transverse  magnetic  field  (TMF). 

Table  1  Voltage  wi  tlistanding  after  current  breaking 


:  Sample 

I  No. 

Breaking  inrrent 
( kA.  rms ) 

Breakdown  voltage 
(kV,  1.2 -50 (.IS) 

Magnetic  field 
state 

!  101 

0.  63  ( iO'^t  imes) 

84 

AMkd’niT  LA) 

1  102 

12.5  (100 times) 

84 

.AMF(12inT  LA) 

1  io;i 

2tk 0  ( 30  times) 

84 

.A\lF(12!nT  LA) 

i  ii;i4 

24.  5  (  30  times) 

75 

-Af'lPY  1 2mT  LA ) 

1  105 

29.5  (5  failure) 

60 

.AvIFt  12m I  LA) 

1  111 

20.0  CIO  limes) 

60 

IMF 

1  121 

24.5  cm  times) 

84 

AMFdgmT  LA) 

(a)  Sample  101?  (b)  Sample  (c)  Sample 

Fig,.!  SEM  photographs  of  contact  surfaces  after  breaking  currents 


For  the  convenience  of  analysis,  we  set  a  model  of  the  arc  spot  site  as  showed  in  Fig.  4.  which  can 
cover  most  of  the  micro-coustructure  in  the  contact  surfaces  like  that  in  Fig,:;.  Curvature  radii  ii  and 
Ta  formed  in  the  process  of  condeiisal ion  of  melting  material,  domuiate  the  mi cro  enliaiicement  factoi 
If  we  can  enlarge  rj  or  and  the  breakdovvn  voltage  will  increase.  Shen  the  tension  of  a  metal  in 
liquid  state  is  hiqii,  curvature  vailius  1*1  formed  in  the  process  ot  coudensat  ioii  will  large.  CuCr  is 
just  this  kind  of  metal.  We  foiind  a  smoolli  suriace  alter  high  current  breaking,  and  the  SEM  pliotograplis 
was  also  provable  for  this  feature.  F.Yanhoag's  work  used  a  similar  model  as  Fig,  4.  and  showed  tiiat 
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r2  was  doniinated  l»y  ejiergy  input  and  the  motion  velocity  of  cathode  spots.  Basedjbj^the  discussions 
above,  we  can  define  a  paraineler  of  w,  as  the  energy  density  input  on  the  surface  of  contact;  which 
can  be  related  directly  to  the  p  ^  factor,  then  the  dynamic  voltage  withstanding.  So,  we  have; 

W-f(I;C)  (1) 

where  I  is  the  arc  current  inclndiruj  the  conditioning  current  and  breaking  current;r  is  the 
construction  facor,  including  the  effects  of  magnetic  field  ajid  contact  material,  diameter  etc.  A 
qualitative  relation  between  w  and  p  is  showed  in  Fig, 5,  Two  special  points  Wi  and  Wg  should 
be  corresponding  to  condi  I ioniiig  current  fi  and  rated  short  circuit  breaking  current  respectively. 
Vacmuii  interrupters  are  expected  to  work  in  the  region  between  Wi  and  Wg.  In  order  to  get  a  low  energy 
density  input,  a  diffused  arc  model  is  prereguisi te,  that  can  be  ensured  by  enough  axial  magnetic  field. 
This  concept  is  specially  important  in  the  design  of  higher  voltage  vacuum  interrupters. 


Fig. 4  A  model  of  arc  spot  site 
3.3,  Effect  of  macro-part i c les 


Fig. 3  Input  energy  density  to  p  factor 


One  of  the  mechanisms  on  bre^ikdown  of  vanumi  gaps  is  particle  ignited.  For  a  vacuimi  interrupter  well 
treated  by  vacuum  processing,  the  particles  commonly  from  arcing.  Macro-particles  produced  by  vacuum 
arc  are  unavoidable.  They  will  exist  in  the  gap  even  after  the  arc  died  out.  Gellert's  work gave 
an  extreme  condition,  the  pulsed  lurreut  made  a  great  di  dt.  However, when  the  arccurrent  in  power 
frequency  is  very  high,  or  the  contact  surface  is  eroded  seriously,  a  great  munber  of  macro-particles 
will  appear  on  the  surface  of  contacts  or  in  the  gap.  that  makes  a  lower  dynamic  voltage  withstanding, 
and  the  current  breaking  will  he  failure,,  like  the  case  in  Fig.  3  (c). 

We  can  suppose  that,  macro  particles  wi  tli  dimensioii  smaller  than  10}.ira  have  less  effect  on 
breakdown.  This  Is  because,  tiny  particles  with  smaller  mass  mid  very  high  speed  (>200m  s)  will  fly  out 
off  the  gap  in  a  small  angle  with  the  contart  plane  before  transient  voltage  is  set  up. But  for  macro- 
particles  with  larger  li iinejision.  flying  nr  attached  on  the  surface  of  contact,  they  are  active  easy  to 
contribute  to  tlie  process  of  breakdown.  ':>o.  all  the  work  we  caji  do  for  macro -particles  is  controlling 
their  dimension. 

Contact  material  is  the  most  important  on  the  macro-particles  control.  It  is  well  kjiown  that.  CuCr 
has  advantage  over  other  niateiials  like  CuBi  in  voltage  withstanding.  P.  Frey,  et  at  investigated  the 
breakdown  behavior  of  CuCr  elei  trodes .  and  found  that,  surface  of  contacts  after  arcing  with  smaller 
current,  would  form  a  layer  wilJi  thickness  about  fill  urn,  vdiich  contains  Cr  in  fine  dispersion  mid  leads 
to  forming  a  more  even  frai  ture  surface,  the  breakdown  voltage  increased.  That  is  to  say,  a  current 
conditioning  Is  helpful  to  redur.e  macro-particles  when  the  breaking  current  is  not  too  high. 

In  order  to  restrain  macro -par tides  with  large  dimension  after  higij^:urrent  breaking,  we  have  to  do 
more  work  on  CuCr  material  or  lr>  lo  find  better  materials,  A  former  work  showedthai,a  contact 
material  wi th  higher  deusltv  ajit!  higher  haniness  will  get  higher  voltage  wi thstandin^nd  lower 
electric  erosion A  new  tecluiique  called  hot — isopressing  treatment  can  densify  CuCr  material  and 
be  expected  to  restrain  large  macro  par  1  ides.  The  other  efforts  in  this  field  were  trying  new^dditive 
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elements  or  new  materials.  Ta  and  Nb  were  reported  to  improve  breakdown  voltagelevelto  a  great  extent* 
Again  the  arc  energy  density  takes  an  important  role  in  production  of  macro-part  ides, Keeping  the  arc 
diffused  whenever  is  a  prereguisite. 


4,  CONCLUSIONS 


1.  The  question  of  dynamic  insulation  of  a  vacmun  interrupter  includes  two  internal  causes:  the  weak 
points  and  the  macro-par  tides.  The  first  effort  we  can  do  to  improve  it  iscondi  tioning,  Wlien  the 
discharge  got  enough,  conditioning  can  be  made  to  both  main  gap  and  additional  gaps  thoroughly,  that 
can  eliminate  and  blimtthe  weak  points,  increase  not  only  the  breakdown  voltage  but  also  the  stability 
of  insulation*  Discharge  energe  is  most  important  in  the  process  of  conditioning,  that  caji  be  ensured 
by  an  AC  voltage  source  instead  of  a  impulse  source. 

2.  Destruction  and  reproduction  of  weak  points  is  a  process  of  dynamic  equilibrium  in  the  process  of 
breaking  current.  The  energy  density  input  on  the  surface  of  contact,  that  can  be  related  directly  to 
the  pu  factor  then  the  dynamic  voltage  withstanding,  is  a  dominant  parameter* There  is  an  optimum 
region  of  energy  density  input  where  pu  has  the  minimum  valueand  the  rated  short  circuit  breaking 
should  be  within  this  region,  that  can  be  ensured  by  diffused  arc  model  and  enough  axial  magnetic  field. 

3.  Macro-particles  appeared  on  the  surface  ofcontactsor  in  the  gap  will  deteriorate  dynajnic  voltage 
withstanding,  and  made  current  breaking  failure,  In  order  to  restrain  macro-particles  after  high 
current  breaking,  we  have  to  do  more  work  on  CuCr  material  such  as  hot-isopressing  trea tment.  The 
other  afforts  in  this  field  were  trying  new  additive  elements,  like  Ta  ajid  Nb, 
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Introduction 

Considerable  interest  has  recently  been  generated  in  a  new  type  of  high-voltage  switches  that  depend  on  a  low  pressure 
gas  discharge  with  a  cold  cathode,  often  named  the  pseudospark  switches^'^.  They  are  considered  as  an  alternative  to  the 
hydrogen  thyratrons  in  facility  where  the  high  level  of  currents  and  d/7d/  are  required.  One  of  the  problems  for  such 
switches  is  to  increase  the  static  breakdown  voltage  since  this  parameter  is  very  important  in  itself  and,  besides,  determines 
the  ability  for  a  switch  to  operate  in  high  frequency  mode.  In  order  to  solve  the  above  mentioned  problem  Christiansen  et 
al^’^  use  the  special  design  in  which  a  positive  potential  is  applied  to  additional  blocking  electrode  from  auxiliary  power 
unit. 

The  goal  of  the  present  paper  is  to  investigate  the  effect  of  the  prebreakdown  currents  on  the  static  breakdown  voltage 
and  to  research  the  mechanism  that  is  responsible  for  an  action  of  the  blocking  potential  on  this  voltage. 

2.  Experimental  setup 

The  schematic  of  the  electrode  system  and  circuit  design  are  shown  in  Fig.  1,  The  electrodes  are  placed  into  a  ceramic 
cylindrical  chamber  of  internal  diameter  86  mm  with  the  flanges.  This  construction  enables  us  to  replace  the  inner  parts  of 
the  switch  in  the  course  of  experiment.  The  main  electrodes  C  and  D  form  two  cavities  that  communicate  through  axial 
holes.  The  interelectrode  separation  in  the  main  gap  being  of  4  mm  and  the  axial  holes  of  the  electrodes  B,  C  and  D  are  also 
4  mm  in  diameter.  The  switch  is  filled  in  air  at  pressure  range  from  10"^  to  610^2  Ton*. 

To  initiate  the  high  current  discharge  in  the  main  gap,  a  triggering  unit  based  on  an  auxiliary  steady-state  glow 
discharge  is  used.  It  consists  of  two  hollow  electrodes,  A  and  J5,  and  glow  discharge  current  is  provided  by  power  supply 
+Fj.  In  initial  position  the  electrode  B  as  it  is  shown  in  Fig.  1  is  positive  with  respect  to  the  grounded  cathode  of  the  main 
gap,  C.  Once  triggering  pulse,  is  applied  to  resistor  Rr^  the  electrode  B  becomes  negative,  the  axial  electron  flux  from 

auxiliary  glow  discharge  is  injected  into  the  main  gap,  and  it  results  in 
triggering  of  the  switch.  The  operation  of  such  a  switch  type  is  described  in  more 
detail  in  papers'*"^. 

The  blocking  electrode,  E,  exerts  an  effect  on  breakdown  voltage  due  to  the 
12  holes  3  mm  in  diameter  that  are  located  on  the  side  wall  of  the  main  cathode 
cavity  (Fig.  1).  Traditionally,  this  electrode  is  positive  with  respect  to  the  main 
cathode  and  a  positive  potential  is  supplied  from  independent  power  unit^’^.  Our 
electrode  system  and  method  of  triggering  give  us  ability  to  use  potential  Fg  for 
blocking  electrode,  i.e.  the  glow-discharge-drop  voltage. 

The  current  in  the  prebreakdown  stage  is  measured  by  means  of  devices 
M2,  and  My  Since  in  the  case  of  occasional  breakdown  a  high  value  of  current 
will  flow  through  devices  M2  and  My  they  are  protected  by  high  frequency 
diodes.  When  a  weak  prebreakdown  current  takes  place  the  \  oltage  drop  on  the 
devices  is  very  small  and  the  diodes  have  a  large  resistance  in  compare  with  M2 
and  M^  resistance  also  they  are  put  in  forward  direction.  In  the  case  of 
Fig,  1  breakdown  the  main  share  of  total  current  flows  through  the  diodes. 
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A  distinctive  feature  of  the  pseudospark  switch  is  that  at  low  pressure  the  free  electron  path  for  ionization  is  in 
substantial  excess  of  an  interelectrode  separation.  Thus,  for  both  the  static  breakdown  and  the  external  trigger  mode  a 
considerable  values  of  prebreakdown  currents  are  required  to  initiate  the  main  discharge'^*^.  The  results  of  measurements  for 
various  types  of  such  currents  are  presented  below. 

3.  Results  and  discussion 

Now  let  analyze  the  currents  that  can  flow  in  the  switch  in  the  prebreakdown  stage  and  the  reasons  for  their  occurrence. 
These  currents  are  shown  in  Fig.  1.  The  prebreakdoAvn  current  in  the  main  gap,  /p^,  can  be  caused  by  a  field  emission  and 
by  photoemission  which  is  initiated  due  to  irradiation  of  the  cathode  from  glow  discharge  in  triggering  unit  and  from 
parasitic  prebreakdown  current  over  a  surface  of  ceramic  switch  chamber.  This  weak  emission  current  is  enhanced,  since 
the  hollow  cathode  effect  comes  into  force.  As  a  result,  the  prebreakdown  current  reaches  the  value  which  is  large  enough  to 
trigger  a  high  current  discharge  in  the  main  gap^’^.  The  device  serves  for  measurement  of  the  current  Notice,  that  in 
the  case  of  forced  discharge  initiation  the  electron  flux  from  triggering  unit  into  the  main  gap  should  be  sufficiently  large  to 
ignite  the  main  discharge  in  the  voltage  range  lower  than  static  breakdown  voltage. 

It  is  known  that  in  prebreakdown  phase  the  fast  ions  which  are  accelerated  in  the  main  gap  CD  propagate  along  the 
switch  axis  in  the  form  of  a  narrow  beam^'^.  The  current  4  is  a  component  of  /p^  current,  however,  we  can  measure  4 
separately  by  means  of  device  M^.  This  device  is  also  intended  for  registration  of  the  glow  discharge  current  in  triggering 
unit. 


In  order  to  understand  the  action  of  blocking  electrode  the  experiments  were  carried  out  both  without  side  holes  on 
electrode  C  and  with  side  holes.  In  the  former  case  at  condition  Fq  =  0  the  device  M2  enables  to  measure  the  current  /p.  We 
name  this  component  as  parasitic  current.  It  flows  in  the  gap  BC  due  to  irradiation  of  the  cathode  from  glow  discnarge. 
Besides,  the  hollow  electrode  B  operates  as  an  anode  with  respect  to  electrode  C.  Hence,  an  ion  flux  can  be  extracted  from 
the  cavity  B.  This  ion  current  is  also  a  certain  component  of  the  current  /p. 


In  the  second  case,  i.e.  when  the  side  holes  are  present,  there  appears  a  blocking  current,  4.  Formally,  this  current, 
along  with  current  /p,  flows  between  electrodes  B  and  C,  however  we  distinguish  in  our  consideration.  The  point  is  that 
the  design  of  electrode  C  foresees  the  ability  for  potential  +Fg  to  penetrate  into  the  main  cathode  cavity  through  the  side 
holes.  Thus,  the  current  4  flows  to  inner  walls  of  the  cavity,  or  in  another  words,  this  current  is  provided  by  charge  carriers 
that  originate  within  the  cavity.  That  is  the  reason  why  the 
blocking  potential  exerts  the  action  on  the  breakdown  voltage. 


It  is  interesting  to  note  that  the  potential  Fg  may  also 
penetrate  into  main  cathode  cavity  through  the  axial  hole  resulting 
in  blocking  effect.  This  is  especially  true  when  the  ion  beam  is 
available  at  the  switch  axis  since  the  beam  manifests  itself  as  an 
“original  conductive  bridge”  between  cathode  cavity  and  electrode 
B,  However  in  the  set  of  experiment  under  discussion  the  part  of 
the  axial  hole  appears  to  be  negligible. 

Taking  the  above  mentioned  into  account  we  can  write  the 
equation  for  the  current 

Fig.  2  shows  the  dependence  of  static  breakdown  voltage  on 
gas  pressure  for  different  electrodes  designs  with  the  availability  of 
a  glow  discharge  in  triggering  unit  and  without  it.  Curve  1 
corresponds  to  the  conditions  in  which  the  glow  discharge  is 
absent,  the  side  holes  in  electrode  C  is  closed  and  points  A  and  B 
are  grounded.  The  same  case,  but  under  the  presence  of  the  glow 


p,  Torr 
Fig*  2* 
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discharge  is  demonstrated  by  the  curve  2.  One  can  see  that  the  breakdown  voltage  decreases.  Once  the  side  holes  are  opened 
and  glow  discharge  is  available  than  the  breakdown  voltage  increases  again  (curve  3).  Thus,  in  this  case  we  can  see  the 
effect  of  blocking  potential. 

Let  us  consider  now  the  results  of  current  measurements  in  prebreakdown  phase  for  the  conditions  corresponding  to 
Fig.  2.  The  first  two  lines  in  Table  1  demonstrate  a  current-voltage  characteristic  of  the  triggering  discharge  and  the  third 
line  shows  the  parasitic  current  /p.  Notice,  that  the  discharge  in  triggering  unit  can  operate  in  low-current  mode  and  in 
abnormal  glow  discharge  mode  as  it  is  shown  in  Table  1.  The  above  modes  are  described  in  more  details  in  papers^’^.  The 
parasitic  current  depends  strongly  on  voltage  and  only  slightly  on  the  glow  discharge  mode  and  glov/  discharge  current. 
In  our  opinion,  the  current  /p  by  its  nature  is  a  non-self-sustained  one  with  any  weak  ionization  amplification. 


Table  1.  p  =  410’2  Torr,  =  /p 

low-current  discharge_ i  abnormal  discharge 


460 

500 

560 

590 

670 

725 

330 

350 

/j,  mA 

0.2 

0.4 

0.8 

1.0 

2.0 

3.0 

9.6 

14 

'p  =  h’ 

6 

8 

13 

15 

23 

30 

5 

6 

P  = 

610-2 

=  'd 

low-current  discharge 

i  abnormal  discharge 

355 

365 

390 

420 

430 

295 

320 

330 

/'i,  mA 

0.1 

0.2 

0.4 

0.8 

1.4 

1.8 

3.7 

8.4 

14 

'p  =  '2>  M-A 

3 

4 

5 

6 

7.5 

8 

2 

3 

5 

Table  2  shows  the  results  of  measurements  for  prebreakdown  current  and  for  Since  the  side  holes  of  electrode  C 
are  closed  the  device  M2  registrates  the  value  /j  =  /pi,  -  /+  +  /p.  It  is  seen  that  in  absence  of  glow  discharge  (Fg  =  0,  /p  =  0) 
the  prebreakdown  current  begins  to  be  registrated  at  a  high  anode  voltage,  Fq  =  18  kV.  The  glow  discharge  operation  results 
in  an  irradiation  of  the  main  gap  and  the  current  /pi,  appears  at  lower  level  of  Fq  voltages.  Also  the  source  of  radiation 
(triggering  unit)  is  far  from  the  main  gap,  CD,  however,  the  prebreakdown  current  at  anode  voltage  of  about  15  kV  is  in 
excess  of  parasitic  current.  We  consider  that  current  in  the  main  gap  flows  in  non-self-sustained  mode  with  a  substantial 
ionization  amplification.  This  amplification  appears  to  be  due  to  hollow  cathode  effect  in  vicinity  of  the  axial  hole  of 
electrode  C. 


Table  2,  p-  410  ^  Ton- 


Fo,kV 

5 

10 

15 

18 

20 

24 

0 

II 

mBM 

0 

0 

0 

0 

1 

2 

3 

WBOm 

0 

0 

0 

0 

1 

2 

3 

Fg  =  340  V 

mmm 

5 

5.5 

6 

8 

12 

15 

ip  =  5  liA 

0 

1 

2 

4 

7 

10 

Fg  =  520  V 

■MEM 

9 

10 

12.5 

17 

22 

26 

breakdown 

/p  =  9 

BIB 

0 

1.5 

4 

8 

13 

17 

Fg  =  600  V 

bbb 

MM 

17 

22 

28 

35 

41 

ip  =  15  liA 

■■ 

3 

7 

14 

20 

26 

Now  let  analyze  the  action  of  blocking  potential  basing  on  the  results  that  are  given  in  Table  3.  We  can  not  measure  the 
blocking  current  /‘i,,  but  can  calculate  it  as  /|,  =  /^  -  /3  ~  /p.  The  presence  of  blocking  electrode  leads  to  reducing  of  the 
prebreakdown  current  For  instance,  when  Fg  =  400  V  and  the  side  holes  are  closed  the  variation  of  the  anode  voltage 
from  8  kV  to  14  kV  results  in  ranging  of  current  from  4  A  to  33  A.  If  the  side  holes  are  available,  it  can  be  seen  from 
Table  3  that  current  ranges  only  from  0.3  pA  to  1.5  pA. 
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Table  3.  p  =  510-2  jorr,  >  16  kV 


Fg  =  320  V 
/  J  =  6  mA 

(abnormal  discharge) 

Fo,kV 

0 

8 

10 

12 

14 

16 

jj,  pA 

4 

4.5 

4.5 

5 

8 

15 

ij,  pA 

■0 

0.2 

0.2 

0.8 

2.5 

8 

/p  =  4pA 

'b  =  *2  ~  h  ' 

-'p 

0 

0.3 

0.3 

0.2 

1.5 

3 

Fb  =  400  V 
/j  =  0.2  mA 
(low-current  discharge) 

Fo,kV 

0 

8 

10 

12 

14 

16 

4 

4.5 

5 

5.5 

7 

11 

ij,  pA 

0 

0.3 

0.5 

0.8 

1,5 

4 

/p  =  4pA 

'b  ~  h  ~  h  ■ 

-'p 

0 

0.2 

0.5 

0.7 

1.5 

3 

Fg  =  490  V 
/j  =  1  mA 

(low-current  discharge) 

Fo,kV 

■ 

0 

8 

10 

12 

14 

16 

'2.  llA 

■ 

7 

8 

9 

10 

11 

16 

iy  pA 

■ 

0 

1 

1.2 

1.5 

2 

5 

/p  =  7pA 

»b  =  '2-'3- 

H 

0 

0 

0.8 

1.5 

2 

4 

The  action  of  blocking  potential  manifests  itself  in  the  fact  that  a  some  share  of  electrons  originated  within  the  cathode 
cavity  C  are  collected  on  the  electrode  E.  As  a  result,  this  share  of  electrons  does  not  take  part  in  ionization  and  the 
prebreakdown  current  reduces.  It  should  be  stressed  that  the  reducing  in  current  /_ j,  is  not  a  simple  redistribution  of  elytron 
flux  between  electrodes  D  and  E,  but  this  is  the  suppression  of  the  hollow  cathode  effect  and  corresponding  suppression  of 
prebreakdown  current. 

Curve  4  in  Fig.  1  shows  the  static  breakdown  voltage  for  other  design  where  three  blocking  electrodes  2.5  mm  in 
diameter  are  directly  inserted  into  the  main  cathode  cavity  through  the  side  holes.  Also  for  conditions  of  curve  4  the  glow 
discharge  and  irradiation  of  the  main  gap  are  present,  however,  the  breakdown  voltage  appears  to  be  higher  then  for  the 
curve  1. 
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ABSTRACT 


A  one-dimensional  nonstationary  model  of  material  melting  and 
evaporation  in  anode  spots  of  vacuum  arc  is  developed.  Calculations 
of  melting  and  evaporation  rates  of  copper  and  copper-chromium 
contacts  were  carried  out  and  concentration  of  copper  atoms  was 
evaluated  when  the  arc  was  burning  and  after  its  extinguish. 

The  model  of  anode  melting  that  accompanies  its  evaporation 
permits  to  assess  the  time  of  liquid  metal  film  existence  at  the 
anode  in  the  ablation  approximation  of  the  model. 

Experiments  with . vacuum  interrupters  having  CuCr  contacts  showed 
that  current  was  successfully  interrupted  when  contacts  began  to 
separate  2-2,5  ms  before  zero  current  provided  energy  Q  released  in 
the  arc  was  less  than  700  J.  If  Q  is*  higher  the  current  is  not 
interrupted  in  the  first  zero  and  an  arc  of  opposite  polarity  is 
initiated  at  voltage  of  some  tens  volts.  Separation  of  contacts  5  ms 
before  zero  current  resulted  in  successful  interruption  even  if  arc 
energy  released  was  as  high  as  3400  J. 

2 .  INTRODUCTION 


Dynamics  of  evaporation  into  a  vacuum  gap  between  contacts  when  a 
hot  spot  exists  at  the  anode  controls  the  process  of  interruption  of 
high  currents  of  industrial  frequency  by  a  vacuum  interrupter. 
Residual  vapor  concentration  at  the  moment  of  arc  extinction  if  this 
moment  coincides  virtually  with  current  zero  seems  to  influence  on 
reignition  of  arc  and  hence  on  failure  of  an  arc  switch.  And  this 
concentration  depends  on  the  temperature  of  heavy  loaded  spots  on 
electrodes. 

Experimental  observations  of  heavy  currents  interruptions  in 
vacuum  switches  suggests  that  heat  inputs  into  an  anode  would  be  in 
the  range  of  hundreds  and  thousands  of  Jouls  with  typical  time  of 
input  in  milliseconds  range. 

This  paper  discusses  heating  and  evaporation  of  anodes  under 
action  of”  heat  flux  from  arc  plasma  taking  into  account  Stephan 
nature  of  the  problem  and  compares  results  with  experimental 
observations  in  vacuum  interrupters  with  CuCr  contacts. 

3. A  MODEL  OF  HEATING  AND  PHASE  TRANSITION 

In  this  paper  we  apply  the  one-dimensional  model  of  semi— inf inite 
solid  heating  by  heat  flux  q(t) .  One-dimensionality  is  granted  by 
fullfilment  of  inequality:  xt  <  R^  where  R  i  3  mm  -  radius  of  the 
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,  .  2 
heating  circle  and  k  s  o,3  cm /s,  t  =  2  +  3  ms. 

For  calculation  of  front  surface  temperature  an  ablation  model  of 

the  paper  [1]  is  used: 


df]' 


^q/q^-TT^  ( ( ""1“^ 

°  %VT 


(1) 


A(T-T)^ 

f]  =  t/t  ,  scale  time  t  s  0,793  - ^ ^ 

°  ° 

q  -  scaling  heat  flux,  k  -  thermal  diffusivity,  X  -  thermal 


T- 

conductivity,  d  =  - • 

■^k  0 

-  assimptotic  temperature  is  obtained  from  the  condition  of 
stationary  evaporation: 

H  / — ' 

LA  (1  +  ci?)exp( - =  V  T^-q^ 

k 

parameter  c  =  shows  the  effect  of  heat  accumulation  by 

thermal  capacity,  L  -  heat  of  evaporation.  Evaporation  is  believed  to 
obey  the  law  [2]: 

w  =  -7^-’  - ?-) 

Specific  solution  of  (1)  depends  on  the  form  of  heat  flux  q(t)  . 
It  is  often  accepted  for  simplicity  to  be  constant.  Fig.  1  shows 
temperature  1?  evaluation  in  this  case.  It  is  seen  that  the 
dimensionless  results  are  virtually  the  same  for  the  heat  flux  range 
considred.  z-s 


Fig.  1.  Surface  Temperature  growth  of  evaporated  CuCr-composite  (case 
q=const,  0 , 7  •  lO^^q^  1 , 5  •  10  W/ cm  )  . 


322  ISPIE  Vol.  2259 


For  the  problem  of  current  interruption  this  result  means  that 
the  highest  temperature  of  the  electrode  hot  spot  occurs  by  the  end 
of  arc  burning.  In  practice  of  current  interruption  q  decreases  often 
linearly  to  zero  in  time  (see  the  insert  at  Fig.  2) .  If  vaporization 
can  be  neglected,  peak  temperature  occurs  exactly  at  t  =  t  /2. 

Vaporization  flattens  the  temperature  curves  around  their  apexes,  as 
Fig.  2  shows.  To  calculate  these  curves  the  initial  equation  (1) 
should  be  modified  since  it  is  valid  only  for  non— decreasing  heat 
flux  (dq/dt  2:  0).  The  modification  is  based  on  subtraction  of 
linearly  growing  heat  flux  q  =  %-t/t^  from  constant  one:  q  =  q^(i  - 

t/t^)  .  Resulted  equations  of  the  ablation  model  are: 


d 

dT) 

d 

dT) 


1  -  (1  +  ei})r 
1  -  c*r  ^ 


(2) 

(3) 


where  r  =  - ,-exp( - vf  ")  , 

W  T  -T  1  ^2 

1  2 


T.-T 

T  -  T  ' 


■&  = 
2 


T 

0 


The  front  surface  temperature  in  question  is 

T  =  T  -T  =T  +(T  -T  )  (t?  -T?  ) 

f  1  2  O'k  2' 

Initial  conditions  are  =0,  •«>  =0  at  t)=0.  There  were  made  numerical 

1  '  2 

integrations  of  the  eq.  (2)  and  (3)  with  k=0,3  cm/s,  X=l,2  W/cm-deg, 


Temperature  curves  for  "triangle"  heat  flux:  1  -  q=6,7-10^ 
W/cm  ,  2  -  q  =  3-10^  WV,  3  -  q  =  2-10^  W/cm^ 
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typical  for  CuCr  composite.  H  and  L  were  taken  from  [2]  and  standard 
tables  for  Cu  as  a  more  easily  evaporative  constituent.  Fig.  2  shows 
results  of  calculations  for  three  values  of  qg,.It  is  interesting  to 
compare  two  concentrations  of  vapor  in  equilibrium  with  hot  solid  at 
the  end  of  arc  burning.  One  value  is  got  for  q=const,  and  another  one 
-  for  linearly  decreasing  heat  flux.  Total  amount  of  heat  Q=J'qdt  is 
the  same.  Fig.  3  shows  that  approximation  of  q=const  results  in  too 
high  concentration  (curve  1)  comparing  to  the  "triangle”  heat  flux. 


Fig.  3.  Concentration  of  copper  atoms  by  the 
^  ~  g— const,  2  -  "triangle"  heat  pulse. 


end  of  2  ms  heat  pulse. 


4 .EXPERIMENTAL  OBSERVATIONS  AND  DISCUSSION 

Some  heavy  current  vacuum  interrupters  were  tested  at  a  high 
power  facility.  Typical  modes  of  current  interruption  are  shown  at 
the  Fig.  4  (denoted  1  and  2)  .  Contact  separation  speed  is  1  m/s.  So 
arc  length  is  about  2  mm  (in  2  ms  after  separation  start)  by  the 
moment  of  arc  removal  by  magnetic  field  (mode  1)  or  by  the  moment  of 
current  zero  (mode  2) . 

It  was  found  that  industrial  currents  with  crest  value  of  50  kA 
were  successfully  interrupted  in  mode  2.  Higher  currents  of  60  kA 
were  not  reliably  switched  off  and  of  70  kA  failed  to  be  interrupted. 


Fig.  4.  Modes  of  current  interruption 
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Voltage  between  contacts  did  not  exceed  100  V  at  the  moment  of 
successful  interruption.  Interruptions  were  successful  for  currents 
up  to  95  kA  when  operating  in  mode  1. 

Taking  arc  voltage  to  be  ~  20  V  and  sharing  released  arc  energy 
equally  between  electrodes  we  have  Q  =  330  J  accepted  by  an  electrode 
at  succesful  interruption,  and  400  J  or  more  for  failure  (mode  2)  . 
The  successful  interruptions  in  mode  I  means  Q  ~  3400  J  of  arc  energy 
and  1700  J  accepted  by  an  electrode. 

The  crucial  but  unknown  value  is  the  spot  area.  Dullni  and  Schade 
[3]  measured  S  ~  0,5  cm^  for  2  0  kA  arc  on  CuCr.  For  higher  currents 
of  our  test^  S  0, 5-5-1  cm^ ,  seems  to  be  acceptable.  In  this  case 
1,65-10*^  W/cm  for  q  =  const  approximation,  and  q^=2q^^=3 , 3  ■  10^ 

W/cm^  for  more  reali^stic  "triangle"  approximation  of  q(t)  ,  provided 
Q=330  J.  So  n=l,6-10^^cm  ^ when  an  interrupter  operates  successfully 
in  mode  2  and  n=4-10  cm"  when  it  fails.  This  result  follows  from 
Fig.  3  curve  2.  Having  in  mind  interelectrode  distance  d  at  the 
moment  of  current  zero  d_=0,2  cm  we  have  nd=3,2-10^^  cm~^ 
(interruption)  and  nd=8-10^^  cm ^  (failure). 

Interruptions  in  mode  1  were  always  successful  at  the  highest 
current  attainable,  whereas  heat  flux  into  an  electrode  was  as  high 
as  q=l,2-10  W/cm  ~  const.  This  result  suggests  comparatively  fast 
decrease  of  electrode  temperature  after  arc  removal.  The  model  of 
non-stationary  evaporation  used  in  the  paper  allows  to  calculate 
temperature  decrease  followed  after  instant  vanishing  of  heat  flux. 


Fig.  5.  Temperature  decay  of  evaporating  surface  after  heat  pulse 
vanishing. 


Fig.  5  shows  the  temperature  plot  for  this  case.  Temperature  decay 
does  not  virtually  depend  on  the  heat  pulse  duration  (only  for 
intensive  evaporation)  and  in  this  example  it  takes  only  120  mks  for 
reduction  of  vapor  concentration  below  2-10  cm  .  In  addition  to 
evaporation  the  solid  is  melted.  The  influence  of  melting  on 


evaporation 

assimptotic 


is  negligibly  small.  It  is  seen 

rate  of  evaporation  is  U  =  .  ,  ^ 

^  0  pL(l-+-c) 


from  the  fact 
—  for  q=const, 


that 

and 
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melting  leads  to  the  corrected  relation: 

n  =  (l  +  g) 

1  +  e  +  Lm/L' 

where  L  -  melting  heat.  For  copper  correction  is  about  4  %. 

In  this  case  both  fronts  of  phase  transition  move  with  the  same 
velocity  U  and  thickness  of  melt  h  can  be  deduced  roughly  from  the 
complete  model  of  the  problem  [1]  _  Since  the  model  includes  the  Iz^w 

of  temperature  decrease  into  a  solid.  ,  v,  n  i  c  -m.., 

For  the  last  example  (q=l,2-10^  W/cm  )  thickness  h=0,_15  mm. 
According  to  the  complete  model  of  ablation  _  the 
resolidification  of  the  melt  after  heat  pulse  vanishing  is  about  0,8 
ms.  So  an  electrode  would  be  solid  by  the  moment  of  current  zero  when 
the  mode  1  of  interruption  is  in  operation. 
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ABSTRACT 

Electron-induced  surface  charging  characteristics  of  sintered  alumina  were  studied  in  relation  to  the  polycrystalline 
features,  such  as  (a)  grain  boundaries  (b)  non-uniform  distribution  of  grain  size  and  (c)  orientation  of  grains,  by  adopting  the 
scanning  electron  microscope  (SEM)  "electrostatic  mirror  technique."  Significant  variation  in  the  charging  characteristics  of 
grains  and  grain  boundary  regions  were  not  observed  for  bombardment  with  low  energy  (<  8  keV)  electrons  corresponding  to 
secondaiy  electron  yield  (5)  >1.  Interestingly,  for  higher  energies  (>  8  keV)  corresponding  to  5  <  1,  the  grain  boundaiy 
regions  were  found  to  charge  more  negatively  than  the  grains.  The  electrostatic  mirror  studies  reveal  that  (i)  the  mirror  image 
formation  is  not  possible  at  high  density  defect  zones,  (ii)  the  size  of  the  mirror  images,  formed  at  one  location  varies  signifi¬ 
cantly  from  that  formed  at  another  location,  due  primarily  to  the  variation  in  the  defect  prone  grain  boundary  volumes  and, 
(iii)  the  size  of  the  image,  formed  on  one  grain,  varies  from  that  formed  on  another,  due  to  variation  in  the  crystallographic 
orientation  of  the  grains.  The  results  suggest  that  alumina  undergoes  inhomogeneous  charging  under  electron  bombardment. 

1.  INTRODUCTION 

It  is  well  established  that  the  insulator-surface  flashover  is  governed  by  a  surface  charging  process,  resulting  from  the 
interaction  of  the  insulator  surface  with  the  electrons  emitted  from  the  insulator-cathode-vacuum  triple  junction  by  field  emis¬ 
sion  process^  Electron-induced  surface  charging  of  insulators  is  also  commonly  observed  in  an  SEM;  hence,  the  study  of 
charging  of  insulators  in  an  SEM  is  believed  to  be  an  experimental  simulation  of  surface  flashover  phenomena^.  The  secon¬ 
dary  electron  emission  yield  is  a  quantitative  measure  of  surface  charging  of  insulators.  The  surface  charging  capability  of  a 
polycrystalline  solid  varies  significantly  from  one  region  to  the  other,  due  primarily  to  the  lattice  inhomogeneity,  caused  by  the 
presence  of  grain  boundaries  and  pores  (voids).  The  influence  of  inhomogeneous  charging  of  polycrystalline  dielectrics  on  the 
surface  flashover  process  is  not  yet  understood.  The  present  work  is  carried  out  to  determine  a  correlation  between  the  poly¬ 
crystalline  features  (e.g.,  grain,  grain  boundaiy  and  grain  orientation)  and  the  electron  charging  of  ceramic  dielectrics. 

2.  ELECTROSTATIC  SEM  MIRROR  IMAGE  FORMATION 

An  insulator  surface  is  known  to  be  charged,  under  electron  bombardment,  either  positively  or  negatively  depending 
on  the  energy  of  the  incident  primary  electrons.  The  polarity  of  the  surface  charge  is  controlled  primarily  by  the  total  electron 
yield  a,  which  varies  as  a  function  of  the  primary  electron  energy.  The  insulator  would  be  charged  positively  when  the  elec¬ 
tron  yield  a  >  1;  it  would  be  charged  negatively  when  ct  <  1.  Depending  on  a,  a  mirror  image  is  formed  in  an  SEM  as 
discussed  below.  The  insulator  surface  is  bombarded  with  a  high  energy  (~25  keV;  a  <  1)  electron  beam  which  would  result 
in  the  formation  of  negative  charges  on  the  surface.  After  a  specific  duration  (~1  to  3  minutes)  the  electron  beam  is  turned  off 
and  the  surface  probed  with  a  low  energy  electron  beam  (<  5  keV).  The  low  energy  electrons  are  deflected  near  the  negatively 
charged  surface  region,  and  consequently  probe  the  SEM  components  (e.g.,  pole  piece),  instead  of  the  insulator  surface^.  The 
secondary  electrons  produced  by  the  bombardment  of  the  deflected  primary  electrons  on  the  SEM  components  would  result  in 
the  formation  of  an  image  of  the  SEM  internal  components. 

3.  RESULTS  AND  DISCUSSION 
3.1.  Effect  of  Surface  Damage  on  the  Mirror  Image  Formation 

In  general,  the  formation  of  an  electrostatic  mirror  image  is  more  difficult  on  polycrystalline  materials  (e.g.,  alumina) 
than  on  single  crystals,  due  to  the  inhomogeneous  nature  of  the  polycrystalline  surface,  caused  by  the  presence  of  grains,  grain 
boundaries,  pores  and  structural  damages  (e.g.,  scratch  marks).  The  dielectric  properties  of  localized  regions,  consisting  of 
grains  and  grain  boundaries,  are  significantly  different,  since  (a)  the  lattice  structure  and  (b)  the  chemistry  (e.g.,  non-stoi¬ 
chiometry  and  the  oxidation  state  of  the  cation)  of  these  regions  vary  significantly.  Besides,  the  surface  of  a  polycrystalline 
material  is  often  found  to  exhibit  structural  damages  (e.g.,  scratches,  voids  and  cracks)  that  are  usually  caused  by  the  mechani- 
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cal  processing  (machining,  polishing  etc.).  We  made  attempts  to  form  an  electrostatic  mirror  image  on  such  an  alumina 
surface.  We  did  not  succeed  despite  the  fact  that  the  test  was  conducted  at  more  than  20  different  locations,  indicating  that  the 
implanted  charges  leak  away  due  to  the  predominance  of  shallow  defect  level  sites  on  the  surface.  To  support  our  view,  the  as- 
machined  samples  were  subjected  to  mechanical  polishing  to  eliminate  or  minimize  the  surface  damages  caused  by  the 
machining  process.  After  polishing  with  a  3  pm  diamond  abrasive,  the  surface  irregularities  and  machining-induced  damages 
are  removed  (Fig.  1).  The  3  pm  diamond  polished  samples  were  ultrasonically  cleaned  in  de-ionized  water  for  a  few  hours 
and  dried  in  an  oven  at  ~150°C  for  30  minutes.  An  electrostatic  mirror  image  of  the  pole  piece  was  easily  observed  on  the 
polished  samples,  suggesting  that  structural  homogeneity  (i.e,,  fine  surface  finish  with  low  damage)  of  the  surface  is  a 
prerequisite  for  the  formation  of  a  mirror  image.  The  size  of  the  pole  piece  image,  formed  at  different  locations  of  the  polished 
specimen,  however,  was  found  to  vary  significantly.  The  above  results  suggest  that  the  dielectric  properties  of  alumina  vaiy 
significantly  from  one  location  to  the  another. 

3.2*  Effect  of  grain  boundaries  on  the  SEM  mirror  image 

The  principal  feature  of  polycrystallinity  is  the  presence  of  defect  prone  grain  boundary  regions  which  are  known  to 
possess  a  high  degree  of  lattice  disorder  and  non-stoichiometry  compared  to  the  grains.  In  addition,  impurity  atoms  are 
usually  segregated  at  the  grain  boundary  regions.  Hence,  the  secondary  emission  characteristics  of  the  grain  and  grain 
boundaries  are  believed  to  differ  significantly.  To  support  the  above  view,  high  purity  polycrystalline  a-alumina  samples  are 
studied  under  electron  irradiation  in  an  SEM.  Prior  to  the  SEM  studies,  the  surface  of  the  specimens  were  polished  to  a  fine 
finish  using  6pm  abrasive  diamond  paste  and  subjected  to  heat  treatment  at  1600°C  for  a  few  hours.  The  heat  treatment  of  the 
samples  was  performed  to  etch  the  grain  boundary  regions,  partially,  by  volatilization  process  (i.e.,  thermal  etching)  to  attain  a 
well  defined  surface. 

The  electron  yield  (a)  of  alumina  is  reported  to  be  higher  than  1  (i.e.,  positive  charging)  when  the  primary  electron 
energy  is  >  --20  eV^.  Also,  cr  of  alumina  is  reported  to  be  below  1  when  the  primary  electron  energy  is  >  8  keV^.  Hence  our 
thermally  etched  alumina  specimen  (without  metal  coating)  was  probed  with  a  low  energy  beam  (2  keV)  to  attain  a  condition 
that  a  >  1.  A  typical  micrograph  of  the  alumina  surface,  obtained  at  2  keV,  is  shown  in  Fig,  2  (i).  Significant  variation  in  the 
charging  contrast  between  the  grain  and  grain  boundary  regions  is  not  observed.  The  energy  of  the  electron  beam  was 
increased  in  steps  of  1  keV.  The  grain  and  grain  boundary  regions  did  not  exhibit  significant  charging  contrast  up  to  about  8 
keV.  Appreciable  charging  contrast  was  observed  at  energies  above  8  keV.  A  typical  micrograph  of  the  specimen,  obtained  at 
10  keV  and  shown  in  Fig.  2  (ii),  indicates  that  the  grain  boundaiy  regions  are  bright  compared  to  the  grains.  Besides,  some  of 
the  grains  also  appear  bright  (e.g.,  grain  B).  It  may  be  recalled  that  alumina  charges  negatively  (when  the  energy  of  the 
primary  electron  beam  is  >  8  keV^.  Hence,  the  observed  variation  in  the  contrast  can  be  attributed  to  the  higher  charging  of 
the  grain  boundary  regions  (negatively)  compared  to  the  grains.  The  inhomogeneous  charging  is  believed  to  be  due  to  the 
variation  in  the  concentration  of  lattice  or  crystallographic  defects. 

3.3.  Effect  of  grain  size  distribution  on  the  SEM  mirror  image 

During  the  electrostatic  mirror  image  test,  the  selection  of  the  location  on  a  polycrystalline  surface  for  charge  implan¬ 
tation  is  usually  made  randomly  in  the  pore-free  regions,  because  the  microstructure  of  an  as-polished  surface  does  not  reveal 
the  grain  boundaries  (Fig.  1).  The  randomly-selected  pore-free  location  for  the  mirror  test  may  include  either  the  grain  or 
grain  boundary  regions.  Also,  the  grain  size  of  the  material  is  not  uniform,  as  seen  in  Fig.  3.  If  the  initial  high  energy  elec¬ 
tron  bombardment  (in  the  spot  mode)  is  performed  at  the  center  of  a  large  crystal  (i.e.,  A  in  Fig.  3),  the  charged  volume  will  be 
within  the  grain.  Hence,  the  respective  pole  piece  image  would  be  a  characteristic  of  crystal  A.  Contrarily,  if  the  electron 
implantation  is  carried  out  in  region  B  (Fig.  3),  the  mirror  image  may  be  characteristic  of  the  fine  crystals  and  the  grain 
boundary  regions.  The  amount  of  charge  trapped  in  the  above  two  locations  is  likely  to  differ,  and  the  size  of  the  pole  piece 
image  is  expected  to  change.  In  order  to  confirm  this  view,  regions  similar  to  that  of  A  and  B  are  subjected  to  mirror  tests. 
The  size  of  the  mirror  images,  corresponding  to  those  regions,  was  found  to  be  significantly  different.  The  variation  of  the 
grain  boundary  regions,  constituting  the  charged  volume  in  the  above  two  cases,  is  therefore  believed  to  be  the  primary  cause 
for  the  observed  variation  in  the  size  of  the  mirror  images. 

3.4.  Effect  of  grain  orientation  on  the  SEM  mirror  image 

The  observed  variation  in  the  degree  of  charging  among  the  grains  of  alumina  seems  to  be  a  new  and  interesting 
phenomenon.  The  major  variable  in  a  polycrystalline  matrix  is  the  crystallographic  orientation  of  the  different  grains.  To 
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understand  the  influence  of  the  orientation  of  the  grains  on  the  degree  of  charging,  mirror  images  are  studied  as  described 
below.  Initially,  a  grain  possessing  weak  charging  ability  (i.e.,  grain  A  in  Fig.  2  (ii))  was  bombarded  with  a  20  keV  electron 
beam  for  3  minutes  in  the  spot  mode.  As  the  electron  beam  diameter  used  was  <  100  nm  (in  the  spot  mode)  the  electron-insu¬ 
lator  interaction  volume  was  small  (<  a  few  pm^),  and  so  the  charging  occurred  only  within  the  grain.  The  charged  region 
was  then  probed  with  a  low  energy  beam  (1  keV)  in  the  normal  scanning  mode.  The  low  energy  probing  electrons  were 
deflected  from  the  corresponding  equipotential  surface,  without  reaching  the  insulator-surface,  and  probed  the  SEM  chamber, 
resulting  in  the  formation  of  the  SEM  component  image.  The  mirror  obtained  on  grain  A  of  Fig.  2  (ii)  is  shown  in  Fig.  4  (i). 
Similarly,  a  grain  possessing  strong  charging  ability  [grain  B  in  Fig.  2  (ii)]  was  subjected  to  mirror  image  formation  [Fig.  4 
(ii)].  The  experimental  conditions  in  both  the  cases  were  the  same.  The  size  of  the  image  formed  on  grain  B  is  much  larger 
(i.e.,  strong  charging  ability)  than  the  size  of  the  image  obtained  on  grain  A  (i.e.,  weak  charging  ability).  The  observed 
correlation  between  the  charging  ability  and  the  mirror  image  size  appears  to  be  in  good  agreement  with  the  results  of  Gong, 
et  al.^  Briefly,  the  charging  ability  of  a-Si02  single  crystals  is  found  to  decrease  as  the  orientation  angle  (with  respect  to  the 
basal  plane)  of  the  crystal  increases  from  0°  (i.e.,  z-cut)  to  60°,  Hence,  it  may  therefore  be  stated  that  the  variation  in  the 
crystallographic  orientation  of  the  grains  is  responsible  for  the  observed  changes  in  the  degree  of  charging  of  grains  in 
alumina  [Fig.  2  (ii)]. 

3.5.  Large  area  charging  effect 

The  mirror  images  represent  the  characteristics  of  the  individual  grains  or  localized  regions.  For  a  polycrystalline 
solid,  the  degree  of  charging  varies  significantly  from  one  location  to  another  due  to  the  grain  boundaries  and  grain  orienta¬ 
tion,  as  discussed  before.  To  characterize  a  polycrystalline  surface,  it  is  essential  to  form  a  mirror  that  represents  both  the 
grain  and  grain  boundary  regions.  An  attempt  has  therefore  been  made  to  form  a  mirror  image  of  a  large  surface  area  of  the 
polyciystalline  alumina.  The  alumina  surface,  at  a  low  magnification,  was  bombarded  with  a  20  keV  electron  beam  in  the 
normal  scanning  mode  (Note:  not  in  the  spot  mode)  for  about  3  minutes.  The  charged  region  (area  --mm2  )  ^as  then  probed 
with  a  1  keV  beam  in  the  normal  mode  again,  resulting  in  a  mirror  image.  The  size  of  the  above  mirror,  obtained  via  large 
area  charging,  is  much  larger  than  that  of  the  image  obtained  in  the  localized  charging  (spot)  mode.  Besides,  the  size  of  the 
images  formed  by  the  large  area  charging  on  other  regions  is  found  to  be  nearly  the  same.  It  is  important  to  note  that  the 
images,  formed  by  large  area  charging,  represents  the  aggregate  (i.e.,  grain  and  grain  boundary)  behavior  of  the  alumina 
surface.  If  the  mirror  method  is  used  to  evaluate  a  material  property  (e.g.,  permittivity)  or  to  make  comparison  of  the  surface 
properties  of  two  materials,  the  conditions  of  the  experiment  must  be  carefully  monitored  before  valid  conclusions  can  be 
drawn. 


4.  CONCLUSIONS 

Polycrystalline  alumina,  under  electron  bombardment,  undergoes  inhomogeneous  charging,  due  to  the  presence  of 
grain  boundary  regions  and  a  random  orientation  of  grains.  We  have  shown  qualitatively  that  the  size  of  the  mirror  images 
varies  due  to  grain  boundary  regions  (constituting  the  charged  volume)  and  the  orientation  of  grains.  Mirror  image  formation 
using  large  area  charging  is  proposed  to  be  a  suitable  method  for  the  evaluation  of  polyciystalline  surfaces. 
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Fig.  1  Micrograph  of  a  polished  (3  |xm  diamond  finish) 
alumina  surface 


Fig.  2  Micrographs  of  the  thermally  etched  alumina 
surface  (without  any  metal  coating)  obtained  at 
acceleration  voltages  of  (i)  2  keV  and  (ii)  10  keV. 


Fig.  3  A  typical  micrograph  of  a  thermally  etched  alumina 
surface,  showing  non-uniform  grin  size  distribution. 


Fig.  4  SEM  mirror  images  obtained  on  (i)  a  crystal  of 
weak  charging  ability  (gain  A),  and  (ii)  a  crystal  of  strong 
charging  ability  (gain  B)  of  Fig.  2  (ii). 
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ABSTRACT 

Investigations  have  been  carried  out  on  right  cylindrical  teflon  spacers  in  vacuum  under  DC  stress  to  study  the  effect  of 
cathode  geometry  on  surface  charging  and  flashover.  Three  cathode  support  arrangements  were  used.  Type  I  involved  a  recess 
in  the  cathode  into  which  the  spacer  was  located.  Type  II  was  a  simple  flat  plate  cathode  while  type  III  had  a  raised  insert  on  the 
cathode  surface  over  which  the  spacer  was  located.  In  all  cases  the  surface  charge  density  and  distribution  is  primarily  dependent 
upon  the  magnitude  of  the  electric  stress.  Using  the  type  I  arrangement  inception  for  charge  deposition  was  always  about  lOkV 
even  when  the  spacer  had  been  subjected  to  repeated  flashovers  and  at  applied  voltages  greater  than  this  the  density  of  the  charge, 
which  was  fairly  uniformly-distributed  around  the  surface,  was  more  or  less  proportional  to  the  applied  voltage.  For  the  type  II  and 
III  arrangements,  a  distinct,  uniformly-distributed  negative  charge  of  up  to  20pC/m^  was  always  detected  at  low  values  of  applied 
stress  and  at  a  fairly  well  defined  transition  voltage  this  gave  way  to  a  distribution  which  was  substantially  uniform  in  the  case  of 
type  II  but  quite  filamentary  in  type  III  and  both  involved  the  deposition  of  positive  charge. 

1.  INTRODUCTION 

It  is  well  knov/n  that  the  voltage  hold-off  capability  of  a  vacuum  gap  is  considerably  reduced  by  the  introduction  of  an 
insulator  between  the  electrodes  and  therefore  surface  flashover  has  been  a  subject  of  considerable  interest  over  the  years’.  No 
undisputed  model  for  surface  breakdown  has  emerged  from  these  studies^  although  all  proposed  mechanisms  involve  the  final 
breakdown  phase  developing  in  a  localised  high  presssure  gas  environment  desorbed  from  the  dielectric  surface.  There  are  basically 
two  proposals.  One^  involves  electron  emission  from  the  cathode  and  the  development  of  secondary  emission  electron  avalanches 
(SEEA)  at  the  insulator/vacuum  interface.  In  an  alternative  scheme'*'®  the  physical  processes  taking  place  just  below  the  dielectric 
surface  are  considered  and  a  mechanism  is  propose  which  involves  propagation  of  electrons  in  the  conduction  band  of  the  insulator. 
The  source  of  electrons  is  assumed  to  be  surface  traps  in  the  material  and  such  electrons  produce  essentially  an  avalanche  within 
the  solid  material  but  close  to  the  surface.  Some  of  the  electrons  produced  in  this  avalanche  are  ejected  into  the  vacuum  and  are 
accelerated  towards  the  anode  giving  the  appearance  of  a  secondary  emission  electron  avalanche.  At  the  same  time  gas  is  desorbed 
from  within  the  material  by  electron  collision,  and  ionisation  in  the  gas  phase  at  the  dielectric  surface  leads  to  breakdown  in  the  usual 
way. 


Regardless  of  the  breakdown  mechanism  considered,  it  is  clear  that  surface  charging  of  insulators  with  the  associated 
modification  of  the  electric  field  in  proximity  to  the  insulator  is  an  important  prebreakdown  phenomenon  and  indeed  the  nature  of 
the  surface  charging  prior  to  breakdown  may  ultimately  help  in  differentiating  betwen  the  two  proposed  schemes.  It  has  been 
shown«'L  for  example,  that  the  polarity  and  magnitude  of  the  surface  charge  is  a  function  of  the  shape  of  the  insulator,  in  particular 
of  the  vertex  angle  when  conical  insulators  are  used.  Additionally  the  nature  of  the  cathode/insulator  contact  has  been  found  to  affect 
the  surface  charge  accumulation  and  it  has  been  reported*  that  the  dc  and  impulse  flashover  voltage  of  a  cylindrical  insulator  can 
be  increased  by  about  25%  by  incorporating  a  metal  insert  into  the  insulator  at  the  cathode  end  which  relieves  the  field  at  the  cathode 
triple  junction.  Similar  effects*’’  have  been  observed  when  the  insulator  is  recessed  into  the  electrode.  It  is  clear  that  reducing  the 
field  at  the  triple  junction  in  this  way  will  reduce  the  emission  of  electrons  but  it  is  also  probably  of  importance  that  the  modification 
of  theelectric  field  will  also  mean  that  the  surface  charging  process  is  affected.  The  present  work  was  aimed  at  examining  the  process 
of  surface  charging  of  right  cylindrical  spacers  under  dc  conditions  and  determining  the  effect  on  surface  charging  and  flashover 
of  different  electrode/insulator  geometries. 

2.  EXPERIMENTAL  SET  UP  AND  PROCEDURE 

The  experimental  vessel  has  been  described  previously’"  Briefly,  it  consists  of  a  number  of  stainless-steel  vacuum  sections 
with  a  150kV  high-voltage  input  bushing,  a  piranni,  penning  and  ionisation  gauge,  viewports  and  an  oil  diffusion  pump  and  rotary 
pump  capable  of  maii-tainin^  a  vacuum  of  around  10*mbar.  The  test  gap  is  formed  from  a  pair  of  uniform-field  brass  electrodes. 
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50mm  in  flat  diameter,  the  lower  of  which  can  be  moved  both  rotationally  and  axially.  In  order  to  study  the  behaviour  of  dielectric 
surface  charge,  the  uniform  field  electrodes  are  bridged  by  a  right  cylindrical  spacer,  25mm  diameter  and  effectively  10mm  long. 
Stressing  of  the  sample  is  then  achieved  by  applying  dc  voltage  between  the  electrodes. 

The  surface  charge  at  any  position  on  the  sample  was  measured  by  an  electrostatic  shielded  probe  coupled  to  a  high-im¬ 
pedance  charge  amplifier.  A  special  support  arrangement  involving  spring-bound  retention  of  the  spacer  allowed  the  entire  spacer 
surface  to  be  scanned  when  the  electrodes  were  moved  apart.  After  the  desired  stressing  period,  the  applied  voltage  was  removed 
and  the  bottom  electrode  carrying  the  spacer  was  lowered  until  the  electrode  surface  was  below  the  centre  line  of  the  probe.  The 
probe  could  then  be  moved  in  until  its  tip  came  within  the  desired  distance  from  the  spacer  surface.  By  rotating  the  spacer  using 
a  low  speed  (0.5  rps)  motor,  a  measure  of  the  charge  density  around  the  circumference  at  that  particular  axial  position  was  obtained. 
By  towering  the  spacer  in  steps,  the  circumferential  charge  distribution  at  various  axial  positions  between  the  cathode  end  and  the 
anode  end  could  be  obtained.  The  charge  distribution  was  displayed  on  a  storage  CRO,  the  digitised  output  from  which  is  fed  to 
a  computer  and  the  complete  set  of  data  for  that  test  was  stored  on  disk. 
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The  present  observations  and  measurements  were  confined  to  teflon  samples  and  three  cathode/insulator  geometries  were 
used  as  shown  in  figure  1 .  Before  any  experiment,  the  electrodes  were  polished  with  grade  1  -W-47  diamond  paste  and  the  electrodes 
and  insulating  sample  were  cleaned  in  alco¬ 
hol  in  an  ultrasonic  bath  and  degassed  for  at 
least  16  hours.  The  procedure  adopted  was 
as  follows.  The  dc  applied  voltage  was  in¬ 
creased  in  steps  of  5kV  at  an  average  rate  of 
20kV/min.  At  each  step  the  insulator  was 
stressed  for  10  minutes  and  then  the  surface 
charge  was  measured.  The  voltages  Vi,  Vf 
and  Vh  are  defined  respectively  as  the  volt¬ 
age  at  which  positive  charge  is  first  meas¬ 
ured,  the  voltage  at  which  the  first  surface 


+ 

1 


Figure  1.  Three  cathode  geometries  used  in  the  investigation. 


flashover  takes  place  and  the  maximum  voltage  which  can  be  applied  for  10  minutes  without  flashover  occurring.  It  should  be  noted 
here  that  in  many  cases  Vh  was  greater  than  Vf.  This  is  because  the  early  breakdowns  clearly  result  in  some  dynamic  condition¬ 
ing  effect  which  enables  considerably  higher  voltages  to  be  subsequently  withstood  for  the  10  minute  period.  When  20  flashovers 
occurred  in  any  test  period,  the  test  was  concluded.  At  this  stage  the  surface  charge  was  removed  by  increasing  the  system  pressure 
to  around  Imbar  and  the  sample  was  then  degassed  before  commencing  a  second  similar  test  sequence.  In  general  3  such  tests  were 
performed  on  successive  days  on  any  sample  in  order  to  observe  any  longer  term  conditioning  which  might  take  place 


3.  RESULTS 


3.1  Surface  charge  measurement 

Surface  charge  is  never  absolutely  uniformly  distributed  on  the  spacer  surface  and  therefore  it  is  difficult  to  ascribe  to  any 
particular  distribution  a  unique  value.  However,  since  it  has  been  found  that  in  all  cases  the  overall  distribution  is  similar  from  one 
test  to  the  next  for  any  given  set  of  conditions,  in  the  interests  of  comparison,  we  have  ascribed  to  each  set  of  conditions  a  value 
corresjKjnding  to  the  maximum  value  recorded  during  the  surface  scan.  Figures  2, 3  and  4  show  these  maximum  values  as  a  function 
of  applied  voltage  for  the  three  tests  performed  on  successive  days.  For  the  recessed  cathode  (type  1 ,  figure  2),  the  charge  density 
which  is  always  positive,  is  clearly  a  unique  function  of  applied  voltage  and  no  conditioning  effect,  either  short  term  or  long  term 
is  observed.  The  charge  appears  as  more  or  less  uniformly  distributed  around  the  spacer  circumference  (ie  no  tendency  towards 
filamentary  channels)  with  a  maximum  density  of  about  30tiC/m2  at  an  applied  voltage  of  around  50kV.  At  voltages  in  excess  of 
this  there  appears  to  be  a  reduction  in  charge  density  as  the  breakdown  voltage  of  60kV  is  approached. 

Types  2  and  3  (figures  3  and  4  respectively)  are  similar  to  one  another  in  the  fact  that  at  low  values  of  applied  field  a  fairly 
uniform  distribution  of  negative  charge  is  always  observed.  As  the  applied  voltage  is  increased  this  negative  charge  increases  until 
it  gives  way  to  positive  charge  accumulation  at  a  fairly  repeatable  and  well-defined  transition  voltage  which,  for  both  types  of 
arrangement,  depends  strongly  upon  the  history  of  the  spacer.  In  general,  the  transition  voltage  increases  as  the  tests  proceed  (with 
repeated  sparking  and/or  exposure  to  stress)  and  this  is  much  more  evident  for  the  type  3  arrangement.where,  in  the  firsts  test,  the 
transition  to  positive  charge  was  just  over  45kV  whereas,  for  the  third  test,  the  transition  did  not  occur  until  something  over 
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Figure  2 


Figure  3 


Figures  2, 3  and  4. 

Maximum  surface  charge  density  (|aC/m2) 
as  a  function  of  applied  voltage  for  the  types 
1, 2  and  3  cathode  geometry  respectively. 

•  test  1  +  test  2  *  test  3 


Figure  4 


70kV  had  been  reached.  Since  it  is  not  easy  to  imagine  that  repeated  sparking  or  prolonged  exposure  to  applied  stress  could 
significantly  affectthe  electric  field  distribution,  this  strongly  suggests  that  by  some  process  the  insulator  surface  is  being  modified 
such  that  there  is  a  greater  tendency  towards  negative  charge  accumulation. 

In  all  cases  there  is  a  well-defined  axial  distribution  of  charge  in  which  the  maximum  value  appears  around  2  to  4mm  away 
from  the  cathode  and  the  the  density  decreases  fairly  linearly  towards  both  electrodes.  Around  the  circumference  at  any  axial 
position  the  distribution  appears  to  be  a  function  of  the  cathode  arrangement.  As  indicated  above,  for  the  type  1  arrangement  the 
circumferential  distribution,  whilst  not  absolutely  uniform,  is  certainly  not  filamentary.  The  same  distribution  is  found  for  the  type 
2  arrangement  although  the  positive  charge  tends  to  accumulate  more  on  one  side  of  the  spacer  than  the  other.  With  the  type  3 
arrangement  there  is  a  definite  tendency  for  filamentation.  At  the  present  time  we  have  no  explanation  for  this  behaviour  although 
it  is  believed  that  the  pattern  of  charge  accumulation  is  probably  of  significance. 
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3.2  Flashover  and  conditioning 

Table  1  shows  typical  values  of  Vi,  Vf 
and  Vh  for  three  tests  conducted  on  successive 
days  for  the  three  types  of  cathode  geometry.  It 
is  clear  that  the  worst  geometry  in  terms  of 
withstand  capability  is  initially  type  1  although 
after  two  test  periods,  the  performance  of  the 
type  1  geometry  has  improved  and  is  superior 
to  that  of  type  2  although  the  inception  voltage 
for  positive  charge  accumulation  remains 
unchanged  at  lOkV.  Type  3  always  exhibits 
the  highest  withstand  and  inception  voltages. 

In  terms  of  conditioning,  types  1  and  3  condition  fairly  dramatically  with  repeated  sparking  and  testing  while  type  2  does  condition 
but  less  so  than  the  other  two. 


Cathode  geometry 

Type  1 

Type  2 

Type  3 

VWfA^h 

Vi/Vf/Vh 

Vi/Vf/Vh 

Test  1 

10/20/15 

25/20/30 

50/35/45 

Test  2 

10/25/45 

35/35/40 

60/60/55 

Test  3 

10/60/55 

40/40/45 

75/75/70 

Table  1.  Typical  values  of  Vi,  Vf  and  Vh  (in  kV)  for  the  three  arrangements 


4.DISCUSSION 

The  present  work  has  shown  that  both  the  flashover  and  the  charge  accumulation  characteristics  of  spacers  are  related  to  the 
cathode  support  geometry.  Clearly  the  most  efficient  form  of  support  is  that  involving  a  cathode  insert  which  relieves  the  electric 
field  at  the  triple  junction.  However  it  can  readily  be  demonstrated  by  field  computation  that  the  arrangement  of  type  1  where  the 
spacer  is  recessed  into  the  cathode  results  in  a  similar  reduction  in  macroscopic  field  at  the  triple  junction  and  thus  it  seems  unlikely 
that  the  electrons  in  this  case  originate  at  the  triple  junction.  It  is  possible  that  electrons  are  emitted  from  the  raised  shoulder  on 
the  electrode.  However  an  important  difference  between  the  geometries  of  the  type  1  and  type  3  supports  must  be  taken  into  account. 
That  is  that  the  electric  field  at  the  insulator  surface  in  proximity  to  the  cathode  tends  to  accelerate  electrons  towards  the  insulator 
surface  in  the  case  of  type  1  and  away  from  the  surface  in  type  3 .  This  is  probably  the  fundamental  reason  for  the  absence  of  negative 
charging  in  the  type  1  arrangement.  The  fact  that  prolonged  exposure  to  stress  and  repeated  flashovers  for  the  types  2  and  3 
geometries  increases  the  tendency  to  negative  charge  accumulation  strongly  suggests  some  change  in  the  insulator  surface.  At  the 
present  time  this  is  not  understood  and  perhaps  an  explanation  for  this  aspect  of  the  behaviour  will  be  found  only  after  detailed 
microscopic  or  other  examination  of  such  surfaces. 
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SURFACE  FLASHOVER  SENSITIVITY  OF  SILICON  IN  VACUUM 
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ABSTRACT:  The  high  flashover  sensitivity  of  high  resistivity  silicon  in  vacuum  is  discussed.  Surface  flashover  fields  of  5 
-  30  kV/cm  are  common  in  silicon- vacuum  systems,  even  though  the  intrinsic  critical  fields  of  silicon  and  vacuum  are 
>300  kV/cm.  The  influences  of  the  material  (bulk  quality  and  surface  processing),  contact  technology,  contact  geometry  and 
electrode  configuration  on  the  preflashover  and  surface  flashover  characteristics  of  wafer  samples  in  vacuum  are  analyzed. 

1.  INTRODUCTION 

The  severe  limitation  of  a  photoconductive  power  switch  (PCPS),  due  to  the  breakdown  of  the  semiconductor- 
dielectric  system,  generally  by  surface  flashover  (SF),  led  to  many  experiments  in  the  last  decade  on  high  field  (HF) 
semiconductor  systems,  including  Si- vacuum  systems.  In  all  papers  on  this  topic  [1-6]  very  low  SF  fields  are  reported  for 
Si-vacuum  systems.  In  all  the  cited  papers,  attention  is  focused  on  the  SF  response  itself  and  on  the  possible  mechanisms 
responsible  for  the  SF  process.  The  conclusion  from  [2-5]  is  that  SF  is  a  breakdown  process  located  in  the  semiconductor, 
most  probably  in  a  region  near  the  surface  of  the  device.  Our  results  of  HF  tests  in  Si-vacuum  systems  [6]  (using 
cylindrical  samples  between  parallel  plane  electrodes)  are  discussed  using  a  new  physical  model  of  the  prebreakdown  and 
breakdown  phenomena  in  semiconductor-dielectric  systems  [7].  In  our  model  SF  is  an  interface  phenomenon  strongly 
related  with  semiconductor  processes  (ohmic  conduction,  contact  injection,  collision-ionization  generation,  thermal  effects, 
surface  phenomena),  ambient  dielectric  properties  (density,  electronegativity,  dielectric  strength),  interface  processes  (gas 
desorption,  electron  bombardment),  and  die  system  configuration. 

Here,  new  results  on  Si- vacuum  systems  at  HF  are  reported  using  wafer  shaped  Si  devices  with  different  electrode 
configurations.  For  the  first  time  the  major  influence  of  the  contact  technology  and  electrode  configuration  on  the  SF  field, 
and  also  on  the  preflashover  response  in  vacuum,  is  emphasized..  A  discussion  of  results  based  on  our  SF  model  [7]  is 
presented. 


II.  EXPERIMENTAL 


The  experimental  set-up  described  in  earlier  works  [7,8]  was  modified  to  incorporate  advanced  optical  diagnostics, 
computer  data  acquisition  interfaces,  and  a  microprocessor  based  control  system  [9].  The  applied  voltage  was  a  0.39/3.0  |lis 
double-exponentii  pulse,  allowing  a  time  resolved  analysis  of  the  prebreakdown  and  breakdown  response  of  the  system.  A 
medium  vacuum  (10“^  -  lO"^  Torr)  was  used  and  the  following  electrode  configurations:(l)  Parallel  plane  electrode  (PPE) 
configurations  (Fig.  1)  with  variants:  (a)  sharp  edged  slot  electrode,  one- side  contact;  (b)  chamfered  electrode,  one-side 
contact;  (c)  two-side  contact.(2)  Pillar  hemispherical  electrode  (PHE)  configurations  with  perpendicular  or  oblique  pillar 
electrodes  having  hemispherical  ends  [Fig.  2(a,b)]. 


Fig.  1.  Parallel  plane  electrode  (PPE)  configurations:  (a)  sharp  Fig.2.  Pillar  hemispherical  electrode  (PHE) 

edge,  one-side  contact;  (b)  chamfered,  one-side  contact;  configurations:  (a)  perpendicular; 

(c)  two-side  contact.  (b)  oblique. 


ooo 

(a)  (b)  (c) 

Fig.  3.  Contact  geometries 


Wafer  devices  with  contact  geometries  (deposited  generally  on  one 
face),  presented  in  Fig.  3(a,b,c),  with  gap  lengths  of  5-12  mm,  were  fabricated 
using  ^-35  kf^cm  Si(p)  one  inch  diameter  wafers,  mirror-polished  on  both  faces 
by  the  manufacturer.  Essentially,  three  types  of  contacts  were  used  (with 
variants  in  the  annealing  temperature,  deposition  temperature,  cleaning  pro¬ 
cedure,  and  thickness  of  the  metallic  layer): 

(1)  Au  contacts:  after  cleaning  (ultrasonic  -  DI  water),  a  first  600  A  Au  layer 
is  sputter  -  deposited  at  room  temperature,  followed  by  a  200^C/  30  min. 
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annealing  in  air;  then  a  second  layer  (1200-2000  A)  of  An  is  deposited. 

(2)  Cr/Au  contacts:  after  cleaning  (ultrasonic -DI  water),  100  A  Cr  was  sputter-deposited  at  room  temperature,  then  baked 
in  air  at  450°C/  30(60)  min.;  then  a  second  layer  of  2000  A  Au  was  deposited. 

(3)  NiCr/Au  contacts:  after  cleaning  (RCA  method  or  ultrasonic-DI  water),  a  first  layer  of  600  A  NiCr  mixture  is  sputter- 
deposited  at  25-350®C  (mostly  at  -lOO'^C);  then  a  -1000  A  Au  layer  is  deposited  by  thermal  evaporation  at  the  same 
temperature  of  the  wafer,  without  exposure  to  air. 

III.  RESULTS 

For  35  kQcm  Si(p)  cylindrical  samples  in  the  classical  PPE  configuration,  in  vacuum,  we  have  reported  [6]  low 
SF  fields  in  10-16  kV/cm  range,  with  a  relatively  low  influence  of  the  lateral  surface  processing.  The  main  SF  properties 
reported  in  [6]  for  cylindrical  samples  have  also  been  observed  in  the  case  of  wafers:  (1)  high  SF  sensitivity,  (2)  time  delay 
of  the  SF  event  from  the  voltage  peak,  (3)  SF  conditioning  (recovery)  effect,  and  (4)  light  emissions  during  breakdown. 

A  distribution  of  the  SF  field  values  obtained  in  vacuum  for  different  conditions  is  presented  in  Fig.  4  (each  data 
point  represents  a  certain  SF  field  value  obained  on  a  certain  number  of  specimens).  For  Au,  sharp  edge  contacts  [Fig.  3(a)], 
in  sharp  or  chamfered  one-side  contact  PPE,  most  SF  fields  lie  in  5-10  kV/cm  range  (A).  Using  NiCr/Au  contacts  with  the 
same  geometry  in  chamfered  one-side  contact  PPE,  larger  values  of  10-16  kV/cm  (□)  are  obtained.  For  NiCr/Au  rounded 
contacts  [Fig.  3(b,c)],  using  PHE  systems,  most  SF  fields  are  larger  than  20  kV/cm  (O);  in  many  cases  the  test  was 
stopped  before  SF  However  for  a  device  with  NiCr/Au  sharp  edged  contacts,  using  PHE  system,  the  SF  in  vacuum 
was  obtained  at  -16  kV/cm.  Note  that  no  SF  track  or  surface  filament  [7,9]  was  observed  after  SF  in  all  conditions. 
However,  for  SF  fields  >20  kV/cm,  especially  for  repeated  SF  events,  the  metal  contact  is  often  eroded  in  PHE;  in  PPE 
configurations,  for  SF  fields  generally  <20  kV/cm,  no  contact  erosion  was  observed. 


Fig.4.  Statistical  distribution  of  first  SF  field  of  Si  in 
vacuum  for  different  contact  conditions  and  elec¬ 
trode  configurations:  (A)  cylindrical  samples; 

(A)  wafer,  sharp  geometry  Au,  one-side  sharp  or 
chamfered  PPE;  (□)  wafer,  sharp  geometry  NiCr/Au, 
one-side  chamfer^  PPE;  (O )  wafer,  rounded  geo¬ 
metries  NiCr/Au,  PHE;  (  f  )  test  stopped  before 
SF 

(Each  data  point  represents  the  total  number  of 
samples  with  first  SF  at  a  given  field) 


0  1  2  3  4  5 

No.  Of  specimens 

A  correct  understanding  of  the  breakdown  phenomena  in  semiconductor-dielectric  systems  is  not  possible  without 
the  analysis  of  the  prebreakdown  response  of  the  system.  Until  now,  the  preflashover  characteristics  of  semiconductor- 
dielectric  systems  were  totally  neglected  due,  probably,  to  the  high  SF  sensitivity  in  vacuum.  However,  under  the 
experiment^  conditions  presented  above,  there  are  some  important  observations  to  be  made  indicating  the  strong  influence 
of  the  contact  technology  and  shape,  electrode  configuration,  and  HF  stress  on  the  preflashover  characteristics  in  vacuum: 

(1)  For  one-face  contact  devices  tested  in  PPE  configurations,  the  conduction  current  up  to  SF  (5-10  kV/cm)  is 
very  low  (2-10  mA),  much  smaller  than  the  displacement  current. 

(2)  A  significant  preflashover  nonohmic  current  component  (0.1-3  A),  with  a  clear  delay  (>500  ns)  from  the 
voltage  peak,  either  without  or  with  very  low  light  emission,  appears  in  the  PPE  systems  in  the  following  cases: 

(a)  at  >300®C  annealing  or  deposition  temperature  (e.g.  450®C/60  min  annealing  for  Cr/Au  contact,  350®C/30  min 
annealing  for  Au  contact,  and  350°C  deposition  temperature  for  NiCr/Au  contact). 

(b)  after  HF  test  in  air  or  SF6  at  >25  kV/cm  involving  significant  nonohmic  currents. 

(c)  for  two-face  Au  contact  devices  in  the  PPE  system;  the  nonohmic  component  already  present  was  significantly 
increased  by  including  silver  paste  between  the  device  contacts  and  electrodes. 

An  example  of  a  large  nonohmic  current  response  in  vacuum  (750  mA/6  kV/cm)  is  presented  in  Fig.  5.  A  typical 
SF  characteristic  with  a  large  preflashover  current  is  presented  in  Fig.  6(a).  At  the  SF  event  the  sharp  increase  of  the  current 
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is  accompanied  by  the  total  collapse  of  the  applied  voltage;  at  the  same  time  a  significant  light  (visible  and  IR)  is  emitted 
persisting  a  long  time  after  the  breakdown.  The  location  of  the  visible  light  emission  is  obtained  using  an  ICCD  camera: 
for  a  1(P  photonic  gain  and  10  ps  window  time,  the  SF  plasma  light  emission  is  filling  the  gap  [Fig.  6(b)],  while  for  10^ 
photonic  gain  and  1.5  ps  window  time,  the  initiation  of  the  SF  light  emission  at  the  cathode  can  be  observed  [Fig.  6(c)]. 

(3)  Using  PHE  configurations,  in  addition  to  much  larger  SF  fields  than  in  PPE  configurations,  different 
preflashover  characteristics  are  obtained: 

(a)  The  ohmic  preflashover  current  is  strongly  dependent  on  the  contact  and 
surface  processing.  Good  devices,  with  a  very  low  current  (<  1.5  A)  up  to  60 
kV/cm  in  SFg  (1-1.5  atm.),  also  presented  relatively  low  ohmic  currents  in 
vacuum,  lower  than  15  mA  up  to  15-20  kV/cm.  This  is  the  case  of  NiCr/Au 
contacts  deposited  at  ~100°C  after  a  RCA  cleaning. 

(b)  For  NiCr/Au  contacts  deposited  at  25-250°C  (mostly  rounded  and  some 
sharp  edged  contacts),  starting  at  15-22  kV/cm,  a  sharp  increase  of  the  UV 
emission  was  observed,  accompanied,  generally,  by  a  significant  increase  of 
the  current  (50-1000  mA)  near  Vmax  (Pig-  7).  No  IR  emissions  were  detected 
and  no  CCD  images  were  captured.  In  these  cases  the  SF  process  is  believed  to 
be  related  to  the  UV-current  generation  phenomenon.  This  behavior  was  not 
observed  with  PPE  systems  for  all  types  of  contacts.  Also,  the  UV-current 
burst-phenomena  were  not  observed  in  devices  with  deposition  temperature 
>300°C  for  NiCr/Au  or  Au.  More  important,  the  noted  effect  disappears 

Fig.5.  Significant  nonohmic  current  totally  in  SFe.  Devices  with  high  UV-current  emissions  in  vacuum  above 

response  ( V:  0.85  kV/cm;  I:  0.35  A/  16  kV/cm,  but  having  a  relatively  low  ohmic  current,  exhibited  very  low 

div;rR:  5  mV/div;  VIS:  5  mV/div)  currents  in  SFe  and  a  quasi-ohmic  response  up  to  60  kV/cm,  as  noted  above. 

(c)  For  contact  deposition  temperatures  >300°C,  the  above  effect  in 
vacuum  was  not  observed  even  for  >  22  kV/cm;  instead,  a  large 
nonohmic  current  well  delayed  from  the  voltage  peak  was  obtained 
(Fig.  8),  without  light  emissions,  starting  at  relatively  low  fields  (6 
kV/cm  for  Au  ,  where  only  the  first  layer  of  300  A  was  deposited  at 
~  380“C,  and  9.5  kV/cm  for  NiCr/Au-350®C).  As  noted,  the  SF  in 
vacuum  in  these  cases  was  not  obtained  up  to  ~  24  kV/cm,  even 
though  the  total  current  was  very  large  (~5  A).  The  nonohmic  current 
was  much  larger  for  wafers  with  Au  than  for  those  with  NiCr/Au  in 
the  6-20  kV/cm  range,  but  the  currents  were  similar  for  higher  fields. 
More  important,  in  all  cases,  when  this  behavior  was  present  in 
vacuum,  the  same  very  large  currents  were  obtained  in  subsequent  HF 
tests  in  SFg,  indicating  bulk  degradation. 

(a)  TIME  (500  ns/div) 


TIME  (500  ns/div) 


Fig.  6:  (a)  SF  with  large  preflashover  current  Fig.  7.  Pulsed  UV  and  current  in  Fig.  8.  Large  preflashover  current 
(V:  1.7  kV/div;  I:  15  A/div;  IR:  300  PHE  configurations  (V:  3.4  kV/  for  high  deposition  temperature 

mV/div;  VIS:  250  mV/div);  div;  I:  0.35  A/div;  IR:  20  mV/  of  NiCr/Au  (350°C)  (V:  1 .7  kV/ 

(b)  SF-CCD  image  (Gp=  10^,t=10|a,s);  div;  UV:  20  mV/div)  div;  I:  0.035  A/div;  IR:  10  mV/ 

(e)  SF-CCD  image  (Gp=  10  ;t=1.5|js)  div;  VIS:  100  mV/div) 
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IV.  DISCUSSION 


The  very  limited  spsce  allows  us  only  a  ''telegraphic”  discussion  of  the  experimental  results.  Without  haying  to 
develop  detailed  explanations  for  each  case,  we  note  that  all  experimental  results  could  be  satisfactorily  explained  using  the 

following  ideas:  .  ,  .  •  •  f  » 

(1)  In  all  cases,  the  device  subjected  to  HF  must  be  considered  an  unitary  system;  the  device  response  is,  in  tact, 
the  system  response,  with  significant  contributions  from  all  the  constituting  parts:  semiconductor  (bulk,  surface),  ambient 

dielectric,  and  electrodes.  ,  .  o- 

(2)  We  consider  four  main  factors  in  the  SF  “game”  (as  well  as  in  the  preflashover  response)  in  Si-vacuum  and,  m 
general,  in  HF  semiconductor-dielectric  systems:  (a)  the  defect  distribution  in  the  semiconductor  which  controls  the  current 
distribution  in  the  device  and,  therefore,  the  electrical  activity  at  the  semiconductor-vacuum  interface;  (b)  the  field 
distribution  in  the  device  due  to  significant  field  enhancement  effects  in  the  device  bu^  and  surface,  mainly  determined  by 
the  contact  technology,  contact  geometry,  and  electrode  configuration;  (c)  the  intensity  and  effectivity  of  triple-junction- 
emitted  electrons  depending  on  the  electrode  configuration  and  contact  geometry;  (d)  gas  desorption  from  the  material. 

(3)  When  the  defect  density  in  the  bulk  is  significantly  increased  (by  high  temperature  treatments  or  high  fields 
inducing  large  nonohmic  currents),  the  surface  current  component  is  reduced,  decreasing  significantly  the  SF  sensitivity  and 

the  interface  activity  in  the  preflashover  stage.  •  u  • 

(4)  A  much  smaller  effectivity  is  supposed  for  the  triple-junction-emitted  electrons  in  PHE  configurations  than  m 
PPE  ones;  the  field  values  (15-20  kV/cm)  that  cause  SF  in  all  PPE  cases,  only  cause  an  interface  effect  producing  pulsed 
UV  light  emission  and  current  in  PHE  systems. 

(5)  Good  bulk  quality,  high  resistivity  Si  subjected  to  HF  in  vacuum,  is  dominated  by  interface  processes,  as  is 

true  with  solid  dielectrics.  _  .  . 

(6)  The  very  high  SF  sensitivity  of  Si  in  vacuum  compared  with  other  ambient  dielectrics  (SFe,  air,  N2,  etc)  is 

due  to  a  significantly  higher  efficiency  of  the  triple-junction  emitted  electrons  at  the  interface. 

(7)  The  very  high  SF  sensitivity  of  Si  in  vacuum,  compared  with  solid  dielectrics,  is  caused  by  much  larger 
currents  in  the  semiconductor  surface,  with  a  high  surface  activity  when  the  device  is  subjected  to  HF  and  electron 
bombardment  from  the  cathode.  The  thermal  effects  of  the  semiconductor  currents  in  the  surface  region  and  the  electron 
bombardment  produce  significant  gas  desorption  [4].  Interface  collision-ionization  processes  cause  UV  emissions  and 
current  increase,  leading,  finally,  to  SF. 

V.  CONCLUSIONS 

The  HF  Si-vacuum  system  has  some  unique  characteristics  governed  by  major  influences  of  the  bulk  and  the 
surface  of  the  semiconductor  material,  contact  contour  and  process  technology,  and  electrode  configuration  on  the 
preflashover  and  SF  response.  The  high  SF  sensitivity  of  Si  in  vacuum  can  be  explained  in  terms  of  the  physical  model 
proposed  in  [7]. 
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ABSTRACT 

There  is  no  need  to  explain  an  importance  of  a  titled  phenomenon  study.  Microwave  surface  flashover  (MWSF) 
of  dielectric  articles  -  such  as  insulators,  focusing  lenses,  waveguide  windows,  etc.  -  in  vacuum  is  the  primary  factor 
limiting  the  applicable  microwave  intensities  in  physical  and  industrial  installations.  Besides  this  "negative  sense, 
MWSF  also  takes  an  applied  significance.  The  present  work  is  devoted  to  description  of  MWSF  phenomenon  itself  and 
consists  of  two  following  parts. 

Threshold  characteristics  of  pulsed  dielectric  surface  breakdown  in  vacuum,  obtained  at  various  experimental 
conditions,  are  considered  in  detail.  As  would  be  expected,  the  breakdown  time  delay -  supposing  that  x^  is  less 
than  MW  pulse  duration  Xp  -  depends  on  many  initial  parameters,  such  as  MW  intensity  J,  nature  of  irradiated  material 
and  its  surface  quality,  vacuum  characteristics,  etc.  At  the  same  time  experimental  results,  arrived  at  MW  intensities 
above  "continuos  wave"  threshold  up  to  1(F  W/cm^,  showed  that  the  value  W  ~  ^-x^  «  const,  i.e.  W  looks  like  some 
energetic  invariant  for  a  given  material  and  its  exploitation  conditions.  An  increase  of  pulsed  MWSF  thresholds  after 
surface  training  by  preliminary  discharge  series  or  under  supplying  constant  electrical  potential  to  the  article  from 
external  source  was  observed  and  measured  too.  Obtained  results  are  of  great  interest  from  the  purely  practical  view 
point. 

Experimental  data  allowed  us  to  make  the  physical  model  of  MWSF  phenomenon  more  clear.  It  is  based  on  the 
dominating  role  of  the  saturated  secondary  electron  emission  avalanche,  electron  stimulated  gas  desorption,  and 
following  MW  breakdown  of  near  surface  gas  cloud.  Experimental  results  and  theoretical  estimations  are  in  a 
satisfactory  agreement. 


1.  INTRODUCTION  TO  THE  PROBLEM 

By  now,  the  realistic  physical  picture  of  pulsed  MWSF  is  far  from  being  fully  understood.  It  should  be  borne  in 
mind  that  the  physical  mechanisms  leading  to  microwave  surface  breakdown  are  in  many  respects  similar  to  the 
processes  of  high  voltage  pulsed  flashover  (HVF)  of  insulators  in  vacuum.^  Several  models  have  been  proposed  to 
describe  high  voltage  flashover. 

Bugaev,  Iskoldskii  and  Mesyats  were  among  the  first  to  carry  out  the  correct  experimental  investigations  and  to 
consider  the  HVF  mechanism.^  An  extended  HVF  model,  so  called  "gaseous  model",  was  suggested  and  theoretically 
estimated  by  Avdienko.^  More  recent  works  -  theoretical  analysis  and  the  use  of  novel  high-speed  diagnostics  in 
experimental  investigations^  -  essentially  amplified  HVF  theory.  In  particular,  the  existence  of  dielectric  surface 
charging  and  a  saturation  of  the  current  amplification  mechanism  in  early  phase  of  flashover,  the  major  role  of 
desorbed  gases  from  the  insulator  surface  and  following  gaseous  discharge  near  the  surface  were  pointed  out  there. 

On  the  other  hand,  microwave  surface  flashover  has  a  number  of  specific  distinctions:  the  absence  of  any 
conductors  and  electrodes,  of  a  fixed  direction  of  the  discharge  front  moving,  etc.  The  same  is  applied  to 
particularities  of  secondary  electron  emission  discharge  (SEED)  in  high-frequency  electric  fields. 

The  first  step  on  the  way  of  determining  MWSF  threshold  was  made  by  Kossiy  and  co-authors^  They  have 
developed  microwave  SEED  theory  in  case  of  its  most  general  polyphase  form.  It  allowed  to  estimate  the  "first" 
threshold  of  MWSF,  corresponding  tox^  ->  oo ,  in  a  variety  of  operating  conditions. 

At  the  same  time  the  next  step  was  not  done.  Well  understanding  the  importance  of  gas  desorption  mechanism 
(Kossiy,  Ref.  1,  chapter  8),  the  author^  have  not  combined  mentioned  phenomena.  A  time  delay x^j  and,  consequently, 
a  "second"  threshold  of  the/7w/WMW  surface  breakdown  were  not  considered  and  determined.  Furthemore,  many  of 
investigators  know  and  use  in  practics  aforementioned  invariant  IF,  but  nobody  has  explained  this  fact  in  detail. 

Below  an  attempt  is  made  to  fill  in  this  gap.  Let  us  begin  with  description  of  some  experimental  results  obtained 
in  Moscow  Radiotechnical  Institute  with  participation  of  colleagues  from  General  Physics  Institute. 
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2.  EXPERIMENT 


The  studies  of  MWSF  characteristics  were  conducted  with  a  usual  experimental  set-up  consisting  of  high-power 
microwave  generator,  focusing  system,  anechoic  vacuum  chamber,  and  diagnostic  apparatus.  Two  types  of  pulse  MW 
generators  and  auxiliary  equipment  were  used:  magnetron  (incident  MW  intensity  in  focal  zone  reached  1^  W/cm^, 
wavelength  -  16  cm,  pulse  duration  1+50  ps);  multichannel  generator  based  on  clystron  amplifiers  (/max  “  3-10'* 
W/cm2,  A,  =  4.3  cm,  Tp  =  1+1000  ps).  To  increase  an  effective  MW  intensity  on  a  sample  surface,  a  standing-wave 
regime  was  realized  as  needed.  We  also  used  a  super-power  MW  generator,  relativistic  carsinotron,  for  a  qualitative 
examination  of  pulsed  MWSF  thresholds  at  intensities  up  to  1C?  W/cm^. 

Time  characteristics  of  flashover  were  measured  with  optical  and  X-ray  diagnostics  (using  photo-electron 
amplifiers)  with  resolution  of  50  ns,  and  semiconductor  detectors  of  reflected  and  transmitted  MW  radiation  (based  on 
hot-electron  effect)  with  time  resolution  ~  1  ns.  Foil  filters  with  cut-off  energy  of  ~  3  keV  were  placed  before  X-ray 
plastic  scintillator,  therefore  we  registered  fairly  hard  part  of  X-ray  discharge  emission. 


Fig  1.  Time  delay  of  MWSF  vs.  radiation  intensity  J 
at  various  pulse  repetition  rates and  pulse  duration  Xp. 
a)  A,  =  16  cm;  b)  4.3  cm. 


0  1  2  3  4  5  6  7  J^xlo'^W/cm^ 


Fig.  2. Value  W  =  vs.  radiation  intensity  Jat  various 

experimental  conditions,  a)  ^  =  16  cm;  b)  4.3  cm. 
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We  have  studied  two  sorts  of  materials.  The  first  sample  represented  a  glass  cylinder  with  quite  smooth  surface. 
Another  was  made  of  composite  ceramics,  carborundum  being  a  good  microwave  absorber.  Its  surface  roughness  was 
about  100  pm  -  an  average  dimension  of  SiC  powder  granules. 

As  would  be  expected,  starting  from  some  values  Ji  and  on,  we  have  observed  microwave  breakdown  at  the 
samples'  surface,  accompanied  by  intense  light  and  X-ray  emission,  sharp  radiation  reflectivity  growth  and  passage 
rate  decreasing.  The  last  testifies  that  discharge  plasma  concentration  exceeds  its  critical  value,  that  may  be  used  as 
MWSF  criteria.  In  contrast  to  results  of  Hegeler  et  al.,^  a  sharp  growth  of  X-ray  emission  takes  place  at  the  final  phase 
of  flashover,  and  may  be  explained  by  nonlinear  generation  of  strong  Lengmuir  waves  and  fast  electrons  production  in 
a  plasma  resonance  region  of  the  plasma  flare.'^  At  low  MW  intensities  a  "weak"  optical  luminosity  was  observed  too. 

Experimental  dependencies  {J),  obtained  at  various  repetition  rates  and  pulse  duration  Xp,  are  presented  in 
Fig.l.;  associated  curves  W,  as  functions  of  intensity  J,  are  depicted  in  Fig.2.  From  these  figures  notice  that 
"continuos  wave"  limit  is  approximately  equal  to  ,  corresponding  to  the  first  critical  potential  of  a  sample  material. 
Value  J\  depends  on  wave  frequency  as  ~  1/co^,  but  is  weakly  dependent  on  the  nature  and  surface  quality  of  the 
material  itself.  Above  Ji,  parameter  W  =  const,  and  looks  like  "energetic  invariant"  independing  on  radiation 
frequancy  and  net  material  properties.  This  fact  and  an  increase  ofXj  with  increasing  MW  pulse  repetition  rate  (that  is 
equivalent  to  surface  training)  confirm  gas-desorption  model  of  MWSF.  It  is  in  agreement  with  independence  of 
invariant  Won  material  characteristics  in  "dirty"  vacuum. 

Strong  influence  of  an  external  potential  U,  supplied  to  the  ceramic  sample,  on  pulsed  MWSF  threshold  was 
observed  in  our  experiments.  The  dependencies  Xj(U)  and  W{\])  rise  sharper  in  the  case  of  negative  potential.  This 
circumstance  and  values  of  the  first  threshold  Ji  tell  us  about  electron  nature  of  initial  stage  of  the  MWSF 
phenomenon  considered. 


3.  THEORETICAL  ESTIMATIONS 

Let  us  consider  an  infinite  dielectric  plane  eliminating  by  MW  so,  that  the  MW  electric  field  is  directed  along  the 
surface  of  the  plane  (in  the  X  direction  and  the  Z  is  perpendicular  to  the  plane).  At  the  beginning  there  are  only 
background  electrons  in  vacuum  space  above  the  dielectric  plane.  In  the  initial  stage  of  MWSF  these  electrons 
bombard  the  surface  providing  a  way  for  SEED  to  be  born.  The  energy  of  a  background  electron  therewith  have  to  be 
more  thanZ,  -  the  lower  of  the  two  energies,  at  which  the  SEED  rate  a  =  1.  In  addition,  there  is  a  need  to  have  a  force 
returning  the  secondary  emission  electrons  to  the  surface.  Before  the  surface  has  been  essentially  charged,  the  only 
returning  force  is  Miller's  one.'^  Maximum  value  of  Miller's  quasi  potential  corresponds  to  the  pointz^  =  A/4  and  is 
equal  to 

=(s-l)e^£oV(Vs-bl)^m®^  =1.8-10'(s-l).Eo /(Vs+l)^©^  (eV), 
where  8  is  a  permittivity  of  the  dielectric,  e,  m  are  the  charge  and  the  mass  of  electron,  Eq  (in  kV/cm)  is  an  amplitude 
of  the  MW  electric  field,  ©  (in  GHz)  is  MW  frequency.  The  dependence  of  Miller’s  potential  in  moving  fromz^  to  the 
plane  is  approximately  giving  by  function  (4  where  X-  is  MW  wavelength.  Furthermore,  we  assume  that  the 
secondary  emission  electrons  are  moving  in  an  uniformly  charged  layer  with  upper  bound  Zq  <  z^  and  a  total  charge 
of  electrons  in  the  layer  is  equal  to  a  positive  charge  of  the  plane.  Electrostatic  potential  in  this  situation  may  be 
written  in  the  form 

=4Tze^n-(z-z^  I2zq)  =  1.8-10"®«(z-z^  /2zo)  (eV), 
where  n  (in  l/cm^)  is  the  number  of  electrons  in  the  layer  per  unit  area.  We  assume  also  that  the  secondary  emission 
electrons  are  uniformly  distributed  over  angle  and  have  the  mean  energyZg  =  4  eV  <  All  of  the  preceding  allow 
us  to  write  down  an  equation,  describing  dependence  ofw  upon  time: 

dni  dt  =  \)nVQ  /  , 

where  (in  cm/s)  is  the  velocity  of  the  secondary  emission  electrons,  g(A)  =  A/A^  is  secondary  emission  rate 
averaged  over  angle  (A  is  mean  energy  of  electron)  and  Zq  (in  cm)  is 

z„  =  .JA, /2A^  +  /2A,A^  -  AJ pA„A„  ).X/ 4. 

At  the  beginning  a  charge  of  the  plane  is  very  small  and  behavior  of  electrons  is  defined  by  Miller's  force.  In  this 
case  the  equation  may  be  simplified  and  gives  as  the  solution  exponential  rise  of  the  number  of  the  secondary  emission 
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electrons  n  =  noexp(thJ  ,  where  is  characteristic  time  of  SEED  development.  This 

solution  holds  up  to  10^  l/cm^.  As  the  charge  density  on  the  plane  increases,  the  boundary  of  the  layer  moves  to 
the  plane,  so  that  the  electrostatic  potential^,,  starts  to  determine  the  behavior  of  electrons.  The  electrons  are  pressd 
by  electrostatic  field  to  the  plane  so,  that  the  mean  energy  decreases  to  the  value  whereby  ct  =  1.  In  that  event  the 
equation  also  may  be  simplified  and  its  analytical  solution  is 

n  =  niijnLl  +  Cl  exp(-2a0]  /  [1  -  Cj  exp(-2a0], 

where  «|jn,=  8.210'2©£o//4ji^2  is  maximum  value  of  the  number  of  electrons  per  unit  area,Cj  =  /«[(«!  -  «iimV(”l 
«,:  )]  is  constant,  a=  «|j^Fo  (in  1 /sec). 

By  this  means  SEED  has  stabilized  at  time  interval  of  the  order  of  50  -  300  nsec.  The  thickness  of  the  electron 
layer,  after  this  time  moment,  is  »  -  lO'^  cm  and  the  amplitude  of  the  surface  current  is  about  30 

-  300  mA/cm.  From  the  outset  the  electron  bombardment  of  the  surface  is  accompanied  by  gas  molecule  desorption 
and  this  process  defines  the  second  stage  -  gas  discharge.  Production  of  a  gas  cloud  and  its  ionization  go  hand  in  hand 
to  lead  to  a  critical  plasma  density  creation.  We  assume  that  each  electron  knocks  about  10^  moleculs  out  the  surface. 
Consequently,  a  number  of  moleculs  rises  lineary  as  function  of  time  N  =  Equation  of  gas  ionisation 

can  be  obtained  as 

dn^  I  dt  =  v{t)  •  n^, 

where  is  the  plasma  electron  density, v  is  collision  frequency.  The  solution  of  this  equation  =  n^Q  expi^tVT)  let 
us  estimate  the  total  discharge  time  «  (2  In  nj^).  For  A  =  4  cm  and  hydrogen  molecules  it  becomes 

=  3  •  10”^  /  eI -37.5/  Eq,  if  8  <£o  <  12  kV/cm 
T j  =  2  •  lO""^  /  Eq  ,  if £o  >  12  kV/cm. 

From  where  the  value  of  the  above-mentioned  energetic  invariant  isW  =  J-x^  «  0.26  J/cm^  and  is  in  the  good 
agreement  with  experimental  one  (Fig.  2).  Its  independence  from  MW  intensity  and  frequency  is  attributable  to 
peculiar  features  of  gas  ionization  cross-section  in  the  electron  energetic  range  from  20  eV  to  70  eV. 

So,  SEED  is  but  an  initiator  of  MW  surface  flashover,  the  most  of  Xj  is  time  of  gas  molecules  desorption  and 
ionization.  Even  simple  theoretical  estimation  in  the  framework  of  the  gaseous  model  gives  us  the  good  agreement 
with  experiment. 
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Abstract 

Alumina  samples  with  different  surface  polishing  (unpolished,  9  |Lim  diamond-finished,  and  9  jim  SiC-finished  samples) 
were  used  in  our  studies  in  vacuum,  under  pulse  excitation,  to  understand  the  influence  of  surface  preparation  on  the  surface 
predischarge  associated  with  microplasmas.  The  unpolished  sample  exhibited  very  active  predischarge  events,  consisting  of 
active  localized  plasmas  on  the  surface,  with  associated  large  predischarge  current  and  high  intensity  of  luminosity,  and  low 
electrical  breakdown  strength.  Compared  to  the  SiC-finished  sample,  the  diamond-finished  sample  showed  more  active 
predischarge  events  and  lower  conditioned  and  hold-off  voltages.  There  seems  to  be  a  correlation  between  the  predischarge 
activity  and  the  surface  preparation.  Our  experimental  studies  indicate  that  the  phenomena  of  predischarge  localized  plasmas 
are  related  to  the  physied  state  of  the  dielectric  surface. 


LJntTQduPtiQn 

In  recent  years,  physical  models  proposed  to  explain  the  dielectric  surface  flashover  phenomenon  suggest  that  the  electrical 
breakdown  strength  of  an  insulator  is  related  to  the  type  of  surface  treatment.  ^  Some  results  have  shown  that  mechanical 
polishing  of  the  surface  can  minimize  the  surface  irregularities  or  defects  caused  by  the  machining  process,  thereby  resulting 
in  higher  breakdown  strength  for  a  polished  insulator  compared  to  that  of  an  unpolished  sample.^  However,  the  mechanisms 
responsible  for  the  improvement  in  flashover  strength  caused  by  surface  polishing  are  not  yet  understood.  In  the  present 
work,  investigations  have  been  aimed  towards  understanding  the  effects  of  different  polishing  media  (like  SiC  abrasives  and 
diamond  paste)  on  the  predischarge  phenomena  and  the  flashover  strength  of  polycrystalline  alumina  samples. 

II.  Experiment  setup  and  procedure 

A  nonuniform  field  test  system  was  employed,  consisting  of  aluminum  finger-type  electrodes  placed  on  the  flat  surface  of 
a  test  specimen.  The  distance  between  the  two  electrodes  was  10  mm,  while  the  radius  of  curvature  of  the  electrodes  at  the 
tip  was  9  mm.  The  electrodes  were  polished  initially  by  9.5  micron  alumina  abrasive  followed  by  0.05  micron  alumina 
abrasive  to  attain  a  mirror  finish.  The  insulators  studied  were  99.9%  pure  polycrystalline  alumina  in  the  form  of  right 
circular  cylinders,  10  mm  thick  and  25.4  mm  in  diameter.  Four  alumina  samples  were  chosen.  One  sample  was  tested  as 
machined,  without  subjecting  it  to  any  kind  of  surface  polishing.  The  others  were  polished  by  SiC  abrasive  discs  and 
diamond  paste.  The  sequence  of  polishing  adopted  for  the  experiments  had  two  distinct  phases.  Initially,  all  the  samples 
were  polished  using  SiC  abrasive  discs  ranging  from  60  grit  (268  |Lim)  to  600  grit  (16  pm).  The  SiC  polishing  was  used  to 
eliminate  heavy  or  macro  surface  damages  and  to  attain  a  flat  surface.  In  the  final  phase,  one  sample  was  subjected  to  9  pm 
diamond  final  finish.  The  other  was  subjected  to  800  grit  (9  pm)  SiC  final  finish.  After  polishing,  the  sample,  as  well  as 
the  electrodes,  was  cleaned  ultrasonically  in  deionized  water  for  one  hour. 

The  experimental  arrangement  used  has  been  discussed  in  detail  elsewhere.^  Briefly,  a  0.39/3  ps  electrical  pulse  generated 
by  a  Marx  generator  was  applied  to  the  test  specimen  in  the  vacuum  chamber  at  2x10“^  torr.  The  current  and  voltage 
waveforms  were  measured  using  a  50  current  viewing  resistor  and  an  E  dot  probe  respectively,  both  having  a  response  time 
of  1  ns.  A  gatable  high  speed  (50  ns)  2D  intensified  CCD  camera  (spectral  response  from  320ns  to  820ns)  was  focused  on 
the  surface  of  the  tested  sample  in  order  to  obtain  spatially-resolved  images.  The  gain  of  the  ICCD  camera  was  set  to  be  high 
(-- 10^  photonic  gain)  to  capture  weak  light  emissions  from  the  surfaces.  In  addition,  a  photomultiplier  tube  (R632  spectral 
response  between  300  nm  to  1200  nm)  with  a  rise  time  of  2  ns  was  used  to  provide  time-resolved  information  of  the  optical 
activities. 

The  sample  was  subjected  to  voltage  pulses  beginning  at  about  15  kV.  The  voltage  was  then  progressively  increased  in 
steps  of  1.0  kV.  At  each  voltage  level  the  sample  was  subjected  to  ten  shots.  If  the  sample  did  not  experience  a  breakdown. 
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the  voltage  was  increased  by  1.0  kV.  This  procedure  was  continued  until  the  sample  experienced  a  flashover.  This  voltage 
level  was  called  the  first  breakdown  level,  Vbd.  If  the  sample  underwent  breakdown  in  the  two  subsequent  applications  at 
Vbd.  the  same  voltage  level  was  also  termed  the  conditioned  voltage,  Vco-  Otherwise,  the  voltage  was  increased  again  in 
steps  of  1.0  kV  until  the  specimen  underwent  breakdown.  The  voltage  at  which  three  out  of  three  successive  voltage 
applications  resulted  in  breakdown  was  called,  as  noted  above,  the  conditioned  voltage.  The  voltage  level  below  the 
conditioned  value,  at  which  the  sample  did  not  breakdown,  was  termed  the  "hold-off  voltage",  Vho- 

Ill.  Results 


1.  Predischarge  activity  associated  with  microplasma 

The  predischarge  activity  detected  in  our  system  is  usually  associated  with  a  several  milliampere  pulse  current  and 
luminosity  of  10"^  Im.  Fig.  1(a)  shows  typical  voltage,  current  and  light  emission  signals  as  a  function  of  time  during 
preflashover.  The  first  peak  in  the  current  response  is  the  displacement  current.  The  current  pulse  near  the  voltage  peak, 
accompanied  by  a  light  signal  from  the  PMT,  is  the  preflashover  activity.  Once  the  light  and  current  signals  occur 
simultaneously,  some  small  light  sources  distributed  on  the  surface  of  the  sample  can  be  captured  by  our  weak  light  imaging 
system.  Fig.  1(b)  shows  an  image  of  the  light  sources,  captured  on  the  ICCD  camera,  corresponding  to  the  light  emission 
from  the  PMT  in  Fig.  1(a).  It  is  interesting  to  note  that  the  number  and  the  intensity  of  the  light  sources  increase  with 
current,  indicating  that  these  light  point  sources  are  related  to  the  surface  current  conduction.  According  to  their  light  and 
electrical  conduction  characteristics,  the  light  point  sources  are  identified  as  localized  plasmas  on  the  surface.  In  the 
nonuniform  field  electrode  arrangement,  the  preflashover  activity  is  relatively  high. 


V 


•i  I 
f  L 


V:8.5  kV/div,  1:88  mA/div,  L:10-3  im/div. 

2»  Effect  of  Surface  Finish  on  the  Electrical  Characteristics 

Table  1  summarizes  the  values  of  Vbd,  ^co  and  Vho  foi*  the  tested  samples  prepared  with  different  surface  finishes.  On 
all  four  days,  the  unpolished  sample  shows  very  poor  breakdown  voltage  levels  and  does  not  exhibit  any  significant 
conditioning.  The  surface  flashover  behavior  of  this  unpolished  sample  may  be  related  to  scratches  and  deformations  caused 
by  the  machining  operations  since  the  surface  damages  or  deep  scratches  are  believed  to  introduce  significent  defect  complexes 
on  the  surface.^  Compared  to  the  9  |im  diamond-finished  sample,  the  9  |xm  SiC-finished  sample  shows  marginally  better 
performance  on  the  first  day.  On  the  second  and  third  day,  the  9  jim  SiC-finished  sample  shows  superior  conditioning  and,  in 
general,  exhibits  higher  conditioned  and  hold-off  voltage  levels.  On  the  fourth  day,  the  electrical  performances  of  the  9  |xm 
SiC-finished  sample  are  much  better  than  those  of  the  9  \xm  diamond-finished  sample,  showing  an  enhancement  of  about  7 


Time  (  200  ns/di v  ) 


'ig.l(a)  Typical  voltage,  current  and  light  signals  as 
function  of  time  showing  preflashover  activity. 


Fig.  1(b)  The  ICCD  camera  image  corresponding 
to  the  waveform  shown  in  Fig.l(a). 
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kV  in  the  value  of  Vco-  Usually,  when  samples  are  tested  over  a  period  of  four  days,  they  exhibit  very  poor  performances 
on  the  fourth  day,  due  to  the  formation  of  permanent  microcracks  and  channels  conducive  to  electronic  conduction  on  the 
surface  of  the  insulator,  caused  by  several  flashovers  on  the  previous  days.  The  fact  that  Vho  (the  hold-off  strengths)  of  the 
SiC-finished  sample  are  relatively  much  closer  to  Vco  (the  conditioned  level)  suggests  that  the  SiC-finished  samples  are 
probably  not  permanently  affected  by  the  repeated  application  of  voltage  pulses  and  hence  have  higher  hold-off  levels  on  the 
fourth  day.  In  comparison,  the  diamond-finished  sample  shows  lower  levels  of  breakdown  strength,  lesser  conditioning,  and 
very  low  hold-off  levels  (15  kV)  on  the  fourth  day,  indicating  that  they  might  have  undergone  permanent  damage.  To 
confirm  this  trend,  tests  for  9  |J.m  SiC  and  diamond-finish  samples  were  extended  to  the  fifth  day.  The  9  |xm  diamond- 
finished  sample  shows  still  very  low  Vho  of  15.8  kV  on  the  fifth  day,  while  the  9  pm  SiC-finished  sample  still  exhibits  a 
high  hold-off  flashover  strength  of  24  kV  on  the  fifth  day.  Comparison  of  electrical  strengths  of  samples  polished  with 
almost  the  same  particle  size  but  with  different  polishing  mediums  shows  that  the  breakdown  voltage  levels  may  be 
influenced  by  surface  preparation.  Transmission  electron  microscopy  (TEM)  studies  reported  by  Hockey  have  shown  that  a 
diamond-abraded  alumina  surface  exhibits  higher  density  of  dislocations  on  the  surface,  as  well  as  within  the  near  surface 
regions.^  These  defects,  induced  by  diamond  polishing,  may  be  responsible  for  the  poor  electrical  performance  of  a  9  pm 
diamond-finished  sample. 


Table  1  The  Electrical  Performance  of  the  Different  Samples 


Surface 

finish 

Unpolish 

9|im 

Diamond 

9  pm 

SiC 

1st 

Day 

Vbd 

14  kV 

16.7  kV 

19.9  kV 

Vco 

14  kV 

18.6  kV 

22.8  kV 

Vho 

13.2  kV 

17  kV 

20.2  kV 

2nd 

Day 

Vbd 

16.9  kV 

19.9  kV 

26.7  kV 

Vco 

16.9  kV 

23.3  kV 

26.7  kV 

Vho 

15.7  kV 

19  kV 

20.9  kV 

3rd 

Day 

Vbd 

16.9  kV 

23.5  kV 

27.3  kV 

Vco 

16.9  kV 

23.5  kV 

27.3  kV 

Vho 

15  kV 

20.4  kV 

25.3  kV 

4th 

Day 

Vbd 

15  kV 

20  kV 

27  kV 

Vco 

16  kV 

20  kV 

27  kV 

Vho 

14  kV 

i  15  kV 

25  kV 

5th 

Day 

Vbd 

17.3  kV 

26  kV 

Vco 

18.3  kV 

26  kV 

Vho 

15.8  kV 

24  kV 

Table  2  The  Predischarge  Performance  of 
the  Different  Samples 


Surface 

finish 

Unpolish 

9  pm 
Diamond 

9  pm 

SiC 

1st 

Day 

P 

35.8% 

31% 

17.6% 

E 

1.1  mJ 

0.55  mJ 

0.32  mJ 

2nd 

Day 

P 

30.1% 

28% 

22.6% 

E 

9.5  mJ 

0.6  mJ 

0.4  mJ 

3rd 

Day 

P 

36% 

27% 

18% 

E 

0-9  mJ 

0.81  mJ 

i 

0.56  mJ 

4th 

Day 

P 

38% 

! 

'  36% 

24% 

i  E 

2.3  mJ 

0.85  mJ 

0.61  mJ 

■ 

Pv 

35% 

30% 

21% 

P:  Probability  of  predischarge  occurrence 

E:  Marximum  predischarge  energy 

Pv:  Average  probability  of  predischarge  occurrence 
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2.  Effect  of  surface  finish  on  the  predischarge  activity 


Table  2  shows  the  predischarge  performances  of  the  tested  samples  with  different  surface  finishes.  It  is  clear  from  Table  2 
that  predischarge  activity  is  influenced  by  the  surface  preparation  of  a  sample.  The  unpwlished  sample  exhibited  very  active 
preflashover  through  all  the  tested  days.  Compared  to  the  other  samples,  the  unpolished  sample  exhibited  much  higher 
average  probability  of  preflashover  occurrence  (~  35%  of  all  shots  applied)  and  much  larger  maximum  preflashover  energy  (~ 
9.6  mJ ),  which  was  calculated  using  time-coordinated  current  and  voltage  waveforms.  The  9  tim  diamond-finished  sample 
exhibited  larger  maximum  predischarge  energy  (~  0.85  mJ )  and  higher  average  probability  of  the  predischarge  occurrence  (~ 
30%  )  than  the  9  |am  SiC-finished  sample  (E~0.6  mJ,  P~21%).  Comparing  the  electrical  breakdown  performances  of  the 
tested  samples  shown  in  Table  1,  there  seems  to  be  a  correlation  between  the  predischarge  activity  and  the  breakdown 
characteristics  of  a  sample.  The  results  show  that  the  more  active  the  predischarge  activity  is  on  a  sample,  the  poorer  the 
breakdown  characteristics  will  be.  It  is  interesting  to  note  from  Table  2  that  the  maximum  predischarge  energy  of  the 
polished  samples  increases  with  tested  days  (i.e.,  number  of  flashover  shots).  The  increase  in  the  maximum  predischarge 
energy  of  the  polished  samples  may  be  due  to  the  probable  formation  of  new  defects  on  the  surface  and  the  various  defect 
complexes  that  grow  with  repeated  voltage  applications.  Another  interesting  observation  to  be  noted  here  is  that  the 
electrical  performance  of  a  sample  starts  to  deteriorate  with  the  increase  in  the  maximum  predischarge  energy  and  the 
probability  of  the  predischarge  occurrence  for  the  polished  samples.  In  fact  the  samples  show  definite  signs  of  permanent 
damage  and  exhibit  low  voltage  withstand  capability  when  the  predischarge  energy  and  the  probability  of  the  predischarge 
occurrence  reach  certain  high  levels.  For  example,  the  hold-off  voltage  of  9  |Am  diamond-finished  sample  deteriorates  to  15 
kV  when  the  maximum  predischarge  energy  reaches  a  value  of  0.85  mJ  and  the  probability  of  predischarge  occurrence 
reaches  ~36%  on  the  fourth  day . 


IV.  Conclusions 

Results  reported  here  provide  some  evidence  that  the  surface  preparation  of  a  dielectric  plays  an  important  role  in  the 
predischarge  activity  and  the  electrical  performance  of  the  insulator.  There  are  indications  of  a  correlation  between  the 
electrical  performance  of  the  insulator,  the  high  field  predischarge  activity  of  the  insulator,  and  the  surface  preparation  of  the 
insulatcff.  The  larger  the  defect  density  is  on  the  surface  of  the  insulator,  the  more  active  the  predischarge  localized  plasma  is, 
and  the  poorer  the  flashover  performance  of  the  insulator  will  be. 
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ABSTRACT. 

A  new  methc^  called  the  "Mirroir  Method"  for  characterization  of  charging  properties  of  insulators  is 
presented.  This  method  consists  in  the  characterization  of  electrical  potential  formed  after  irradiation  of  a 
sample  with  30  kV  electrons  in  a  scanning  electron  microscope.  Analytical  and  numerical  calculations 
allows  to  relate  the  electrical  potential  with  intrinsic  properties  of  materials  such  as  the  dielectric  constant. 
Experimental  results  on  various  materials  are  well  fitted  by  the  models.  The  role  of  contamination  layers  is 
underlined.  Relation  between  charging  and  mechanical  properties  are  described  owing  to  friction 
experiments. 


1.  INTRODUCTION. 

It  has  been  recently  established  that  the  flashover  occurence  is  related  to  space  charge  relaxation. 

The  Space  Charge  Physics,  based  on  the  "Polaron"  concept  (1-2),  has  been  recently  developped  by  Blaise 
(3-4).  It  shows  that  if  electrical  charges  can  be  trapped  in  the  bulk  of  an  insulator  on  special  location  where 
the  local  polarizability  decreases,  polarization  energy  is  stored  in  the  whole  material.  Under  various  stresses 
(mechanical,  electrical...),  this  energy  can  be  released  and  produce  fracture  or  breakdown.  Breakdown  has 
been  observed  without  any  electrical  field,  but  with  a  strong  space  charge  in  the  bulk  of  the  insulator  (5). 
Since  space  charge  is  the  cause,  and  not  the  consequence  of  the  behaviour  of  dielectrics,  it  is  usefull  to 
develop  a  new  method  which  allows  to  charaterize  : 

-Charge  traps  in  the  material. 

-The  space  charge  formation  in  an  insulator. 

-Stability  of  the  charge  distribution. 

The  aim  of  this  paper  is  to  present  a  method  fullfilling  those  three  issues.  It  is  called  :  "the  Mirror  Method" 

(6). 


2.  PRINCIPLE  OF  THE  MIRROR  METHOD 

Two  steps  have  to  be  completed  in  order  to  achieve  a  mirror  experiment: 

-Injection  of  electrical  charges  in  the  sample  through  irradiation  in  a  Scanning  Electron  Microscope  (SEM). 
-Characterization  of  the  electrostatical  state  of  the  sample  after  irradiation. 

2.1)  Injection  of  the  electrical  charges. 

The  primary  electron  beam  of  the  SEM  is  described  with  several  parameters: 

-Injection  voltage  :  Vi,  gives  the  initial  kinetic  energy  of  the  primary  electrons  which  enter  the  chamber  of 
the  SEM  (30  kV  for  our  experiments). 

-Intensity  li  of  the  beam,  and  time  ti  of  application  of  the  electron  beam  on  the  sample  give  the  total  quantity 
of  charge  :  Qi,  sent  in  the  sample. 

-Focalization  gives  the  size  of  the  electron  beam  spot  on  the  surface  of  the  insulator. 

The  whole  electron  emission  yield  (backscattered  and  secondary  electrons)  is  well  known  as  a  function  of 
the  primary  electron  energy  (7).  If  this  energy  is  high  (30  kV),  a  double  layer  is  formed  in  the  sample,  made 
of  positive  charges  trapped  near  the  surface,  and  more  negative  charges  below  the  surface  (figure  1).  In  the 
following  of  this  paper,  we  consider  that  there  is  only  a  negative  charge  Q,trapped  in  the  sample,  but  the 
influence  of  this  double  layer  will  be  discussed  later. 
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figure  1:  Double  layer  in  the  sample  after  the 
injection  of  charge,  the  final  distribution  is  considered 
as  a  negative  trapped  charge  in  the  sample :  Q. 


2.2)  Characterization  of  the  space  charge. 

During  the  injection,  charges  can  be  trapped  in  the  insulator.  If  so,  an  electrical  field  appears  in  the  chamber 
of  the  SEM.  When  the  sample  is  observed  with  a  low  potential  :  Vs,  this  electrical  field  can  be  strong 
enought  to  deflect  or  reflect  the  low  energy  electron  beam  (figure  2-a).  Therefore,  an  image  of  the  chamber 
is  formed  on  the  screen  of  the  SEM  (figure  2-b).  A  black  spot  (diameter  d)  is  seen  in  the  center  of  the 
screen.  This  black  spot  is  the  image  of  the  last  output  diaphragm  (diameter  d’)  of  the  electron  gun  (electrons 
el  on  figure  2-a). 

The  reverse  of  this  diameter  d  is  plotted  as  a  function  of  the  scanning  potential :  Vs.  The  aim  of  the  next  part 
of  this  work  is  to  understand  the  meaning  of  these  curves. 
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Figure  2-a  :  schematic  view  of  the  electron 
trajectory  deflections.  The  trajectory  e-4  is  not 
deflected,  while  the  three  trajectories  e-3,  e-2  and  e-1 
are  deflected.  The  microscope  put  the  image  of 
A',B',C'  in  A,B,C  :  the  mirror  effect  appears.  A  is 
the  image  of  the  last  output  diaphram  of  the  electron 
gun:  20A=d  and  20'A'=d'. 
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Figure  2-b  :  View  of  the  chamber  of  the  SEM 
through  a  mirror  effect  on  the  sample.  The  black  spot 
of  diameter  d  (trajectory  e-1,  figure  2-a)  is  in  the 
center  of  the  image. 


3)  CURVES  1/d  =  f(Vs). 

A  finite  element  code  solving  the  Poisson  law  has  been  used  to  calculate  the  electrical  potentiel  in  the 
chamber  of  the  SEM  as  a  function  of  several  parameters: 

-Macroscopic  parameters:  which  define  environment  and  size  of  the  sample.  A  major  parameter  is  the 
thickness  of  the  sample  :  h.  The  walls  of  the  chamber  of  the  SEM  are  at  the  ground  potential. 

-Microscopic  parameters:  which  define  the  shape  of  the  trapped  charge  zone.  In  a  first  approach,  the 
geometry  of  this  zone  is  modelled  as  a  cylinder  of  diameter  dc  and  thickness  pc 

When  the  potential  follows  an  hyperbolic  law  {1},  analytical  calculation  based  on  the  Gaussian  optical 
theory  is  used  to  link  the  scanning  potentiel  value  Vs  with  the  diameter  d  of  the  black  spot  (figure  3) : 
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m  V  -  A  ^  trapped  charge  Q  is  in  O,  center  of  the  equipotential.  The  radius 

‘  ^  of  the  equipotential  is  R.  A  is  a  constant  which  depends  on 

macroscopic  parameters. 

The  Gaussian  hypothesis  are  verified :  the  incident  angle  (OO'A)  is  small,  and  R  very  small  compared  to  L. 
Then,  we  calculate  OA=d/2  as  a  function  of  0'A'=d'/2,  constant  of  the  microscope: 

{2}  0A  =  ^0'A’ 


{ 1 }  and  {2)  give  an  expression  of  1/d  as  a  function  of  Vs: 


{3} 


Figure  3  :  The  equipotential  Vs  is  spherical, 
and  its  radius  is  R.  The  trajectory  that  gives 
the  diameter  of  the  black  spot  is  shown  on  this 
figure. 
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Figure  4  :  Correlation  between  analytical  and  numerical 
theory.  The  analytic  curve  is  given  by  the  expression  (2). 
The  simulated  curve  fits  the  analytical  theory  until 
R=lmm  (L=10mm)  as  the  Gaussian  hypothesis  of  R  very 
small  compared  to  L  is  tme. 


This  calculation  compared  with  the  results  of  numerical  simulation  of  OA=d/2  as  a  function  of  R  (figure  4) 
shows  that: 

-A  good  correlation  of  the  two  theory  is  observed  if  the  radius  of  the  equipotential  is  small  compared  to  L. 
-For  large  radius,  the  theory  is  no  more  accurate. 


If  we  apply  this  theory  for  the  curve  l/d=f(Vs)  we  expect  three  different  parts  :  0),  I),  II). 

-Part  0):  TTiis  part  corresponds  to  the  largest  equipotentials.  The  influence  of  the  wall  of  the  chamber  of  the 
SEM  changes  the  shape  of  the  equipotentials.  The  potential  does  not  follow  the  hyperbolic  law  { 1 }  :  the 
analytic  theory  is  not  applicable. 

-Part  I):  The  influence  of  the  wall  of  the  chamber  disappeared  and  the  size  of  the  trapped  charge  zone  is 
small  compared  to  the  radius  of  the  equipotential :  the  potential  follows  an  hyperbolic  law  { 1 } ,  with: 

,^1  A  =  K(h).Aeo  where:  1  and  K(h)  is  a  parameter 

‘  ‘  2Keo(ej+l)  which  depends  on  h  (fig.  5) 
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A  =  K(h).A^ 


where: 


{4} 


A„ 


1 


and  K(h)  is  a  parameter 
which  depends  on  h. 


27lEo(er+l) 

The  curve  l/d=f(Vs)  is  a  straight  line  which  passes  through  the  origin.  The  slope  of  this  straight  line  is 
related  to  the  dielectric  constant  of  the  material,  the  quantity  Q  of  trapped  charges,  and  some  geometric 
constants  {5}. 


d  d'K(h)A„Q’* 

If  the  dielectric  constant  of  the  tested  material  is  known,  it  is  now  possible  to  calculate  the  real  quantity  of 
trapped  charges  during  the  injection  by  the  30kV  electron  beam,  as  a  function  of  the  slope  of  the  straight 
line.  If  this  quantity  of  trapped  charges  is  related  to  the  quantity  Qi  (total  quantity  of  charges  sent  by  the 
primaty  electron  beam),  it  is  possible  to  calculate  the  full  (backscattered  and  secondary  electrons)  electron 
emission  yield. 

-Part  11):  Tliis  part  shows  the  deformation  of  the  equipotentials  near  the  trapped  charge  zone  :  the  curve 
becomes  parallel  to  the  horizontal  axis. 

Finally,  the  figure  5  shows  an  experimental  curve  l/d=f(Vs)  which  shows  the  three  parts  0, 1, 11. 


Figure  6  :  Experimental  curve  on  Yttrium  Oxyde 
(Y203),  polycrystal.  The  three  parts  of  the  curve  are 
clearly  defined. 


41  EXPERIMENTAL  RESULTS. 
4.1)  Effect  of  contamination  layer  on  charging  capacity. 


Mirror  experiments  have  been  performed  on  as  cleaved  single-crystal  samples  of  magnesium  oxyde  (MgO, 
er=9,8)  (X=10mm,  Y=10mm,  Z=5mm).  Charging  and  mirror  effect  have  been  detected,  and  the  figure  7 
shows  the  variation  of  Q  :  real  quantity  of  trapped  charges  in  the  material,  as  a  function  of  Qi :  the  quantity  of 
charges  injected  by  the  30kV  electron  beam.  In  this  case  Q  was  equal  to  Qi :  the  electron  emission  yield  was 
0. 

In  order  to  remove  contamination  layers  due  to  the  cleaving  process,  the  samples  of  MgO  have  been  heated 
(500°C,  lh30,  in  air).  After  this  treatment,  charging  effect  was  no  more  observed  :  Q  was  equal  to  zero 
while  Qi  changed  from  10''  to  S.lO'l^C. 

This  results  demontrates  the  influence  of  contamination  layers  on  the  mirror  method.  We  assume  that  the 
contamination  layers  act  as  a  potential  barrier  for  the  electrons.  The  primary  electrons  of  30kV  have  a  high 
energy  and  pass  through  this  barrier,  entering  the  bulk  of  the  material.  Then,  the  secondary  electron  are 
emitt^  below  this  barrier  and  cannot  go  outside  of  the  sample. 
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Figure  7  :  experimental  curve  :  Q,  quantity  of 
trapped  charges  in  MgO  as  a  function  of  Qi,  quantity 
of  charge  injected  by  die  SOkV  electron  beam. 


Qi  (E-1 1  C) 

4^)  Effet  of  friction  on  charging  capacity. 

High  purity,  single-crystal  sapphire  and  polycristaline  alumina  (99,5%  purity)  were  used.  Surfaces  ((001) 
plane)  of  the  single  crystal  were  polished  to  an  average  Ra  value  lower  than  0,01  (xm.  Before  the  friction 
tests,  the  samples  were  annealed  for  4  h  at  1500°C  in  air,  to  remove  defects  resulting  from  machining  and 
polishing.  Some  samples  were  irradiated  with  a  polychromatic  X-ray  beam  (molybdenum  anticathode, 
40  keV,  20  mA,  2  h)  over  their  whole  surface  or  only  on  the  part  of  the  surface  which  is  outside  of  the  wear 
track  during  the  friction  test. 

The  friction  test  were  performed  on  a  reciprocating  flat-on-flat  tribotester  where  a  flat  sapphire  sample  slid 
on  a  sapphire  plane.  The  normal  load  was  21  N  and  the  average  speed  was  3,33  10-3  ms-1.  The  conditions, 
corresponding  to  a  very  low  contact  pressure  (21  10-2  MPa)  allow  friction  to  be  achieved  without  the 
formation  of  macroscopic  wear  debris.  Friction  measurements  were  performed  at  room  temperature  in  dried 
argon  under  unlubricated  conditions.  The  relative  humidity  was  controlled  during  the  test  and  was  kept  to 
less  than  1%.  During  each  test,  the  friction  coefficient  p,  was  recorded. 

The  Mirror  Method  has  been  used  before  and  after  the  friction  test  in  order  to  characterize  charge  traps  in  the 
sample.  Before  a  mirror  experiment,  the  samples  are  heated  (200°C,  Ih)  in  the  chamber  of  the  SEM,  in  order 
to  remove  contamination  layers. 

Before  friction  test,  and  at  room  temperature,  the  sapphire  did  not  produce  any  charging  effect.  Then,  some 
test  were  carry  out  at  -100°C.  The  figure  8  shows  the  evolution  of  the  diameter  of  a  given  equipotential 
(300V)  during  heating  of  the  samples  after  initial  charging  at  -100°C.  Results  are  given  for  pure  and 

irradiated  sapphire,  and  for  a-quartz  for  comparison.  For  the  sapphire  samples,  the  diameter  remained 
nearly  constant  and  dropped  suddently  to  zero  at  30°C  for  pure  sapphire  and  at  80°C  for  irradiated  samples. 
The  initial  plateau  shows  that  the  energy  of  all  the  trapped  charges  was  nearly  the  same  for  a  given  sample. 

In  contrast,  for  a-quartz,  the  slowly  decreasing  curve  revealed  an  energy  distribution  of  the  traps.  The 
differents  nature  of  the  traps  detected  after  irradiation  is  indicated  be  the  higher  temperature  of  detrapping. 
Measurements  of  the  friction  coefficient  for  a  1000-cycles  test  are  summarized  in  fig.  9.  For  pure  sapphire, 
the  coefficient  increased  slowly  to  reach  0,35  at  1000  cycles,  while  for  fully  irradiated  samples.  Motion 
coefficient  was  greatly  increased  to  reach  1  at  the  end  of  the  test.  Finally,  for  partially  irradiated  sapphire,  the 
friction  coefficient  became  higher  than  for  pure  sapphire  after  300  cycles  and  reached  more  than  0,5  at  the 
end.  Those  measurements  show  that  the  charging  properties  of  ceramics  can  give  informations  on  their 
mechanical  behavior. 

The  figure  10  gives  the  results  of  a  mirror  experiment  after  a  five-cycle  friction  test,  performed  at 
room  temperature  inside  and  outside  the  wear  track.  Both  areas  revealed  similar  charging  capacities,  as 
indicated  by  the  two  curves  having  the  same  slope,  while  the  same  sample  before  friction  does  not  produce 
any  charging  effect.  Then,  we  assume  that  friction  induces  modification  of  intrinsic  charging  properties  of 
ceramics. 
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figure  8  :  Diameter  of  the  300V  equipotential  as 
a  function  of  temperature  :  (a)  pure  sapphire,  (b) 
irradiated  sapphire,  (c)  a-quartz. 


figure  9  ;  Friction  coefficient  evolution  during  1000- 
cycle  friction  test :  (a)  totally  irradiated  sapphire,  (b) 
partially  irradiated  sapphire,  (c)  pure  sapphire. 
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figurelO  :  Mirror  experiment  on  pure  sapphire  at 
room  temperature  after  5-cycle  friction  test 


5)  CONCLUSION. 

A  new  method  has  been  developped  for  the  characterization  of  the  charging  capacity  of  dielectrical 
materials.  This  method  is  supported  by  analytic  calculation  and  numeric  simulation  and  gives  important 
information  on  intrinsic  parameters  of  insulators. 

Experimental  results  shows  that  the  charging  capacity  plays  a  major  part  in  the  behaviour  of  insulator 
under  mechanical  stresses  (friction).  Moreover,  ceramic  machining,  modelled  by  a  friction  test,  triggered 
modification  of  the  intrisic  properties  of  the  material. 

As  a  result,  the  Mirror  Method,  associated  with  Space  Charge  physics  and  some  other  methods  of 
space  charge  characterization,  appears  to  be  an  interesting  experiment  in  order  to  develop  selection  criterions 
for  insulators. 
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ABSTRACT 


Temporal  change  in  electric  field  strength  at  the  insnlator-cathode-vacunm  interface  ac'companied  by  charging  of 
the  insulator  have  been  studied  hy  using  a  two-dimensional  Monte  Carlo  simulation.  The  stud}'  employed  cylindrical 
insulators  and  conical  insulators.  Each  of  the  insulators  was  made  of  PMMA,  polyiniide  or  AI2O3.  The  field  strength 
with  cylindrical  insulators  show  an  al)rupt  increase,  and  with  conical  insidators  consideral)le  rapid  reduction.  Depen¬ 
dencies  of  the  field  change  on  the  applied  voltage  height  and  material  are  well  demonstrated.  Flashovers  occur  after 
the  simulated  field  change. 

1.  INTRODUCTION 


The  surface  charging  of  an  insulator  caused  by  the  secondary  electron  emission  avalanche  (SEEA)  and  associated 
electron  stimulated  gas  generation  arc'  })ossible  mechanisms  which  lead  the  bridged  vacuum  gap  to  elc'C‘tric*al  brc'akdown  . 
Anderson  and  Brainard^  has  demonstrated  a  rapid  charging  of  their  insulator  by  obser^dng  \  -t  characteristic.  Our 
purpose  is  to  understand  how  the  charging  progresses  with  different  shapes  and  materials. 

In  this  paper,  the  SEEA  charge  acruimdatioii  is  analyzed  by  employing  a  two-dimensional  Monte  Carlo  simulation 
method.  Then  the  temporal  behavior  of  the  electric  field  at  cathode  triple  junction  is  observed  taking  the  simulated 
charge  into  account.  The  siimilation  is  performed  both  for  cylindrical  and  conical  insulators.  As  we  have  proved  that 
positively  angled  conical  insulators  scarcely  ac-cpiire  the  SEEA  charge^,  we  employ  a  negativel}'  angled  insulator.  Each 
of  the  insulators  is  made  of  PMMA,  polyiniide  or  AI2O3.  The  field  at  the  triple  junction  depends  strongly  both  on 
the  insulator  shape  and  the  material,  and  also  on  voltage  height  being  applied.  The  cylindrical  insulators  show  an 
abrupt  increase  of  the  field  strength.  Negatively  angled  insulators  show  a  considerate  decrease  of  the  electric  field. 
Experimental  observation  has  shown  that  the  flashover  occur  at  a  time  which  is  later  than  those  respective  field  changes. 

2.  INSULATORS  EXAMINED 


The  secondary  electron  emission  rate  ^  is  a  function  of  the  kinetic  energy  of  electron  (A/)  impinging  upon  the 
insulator  surface.  General  shape  of  the  relation  can  be  expressed  as  shown  in  Fig.l,  where  d  is  unity  at  A/=Ai  with 
comparatively  low  energy,  and  also  at  A/=A2  with  a  higher  energy.  For  energies  between  Aj<A/<A2.  ^  is  greater  than 
unity  and  has  the  maximum  at  a  energy  A/=A^„.  Table  1  provides  Aj,  A2,  and  the  relative  permittivity  e,.  for 
each  of  the  insulators'^’ 

The  cylindrical  insulators  have  10mm  in  radius  and  10mm  in  height.  The  coni('al  insulators  have  a  cone  angle 
The  upper  radius  of  the  frustums  is  r,,^10mm  and  the  height  is  lOmni.  Each  of  the  insulators  is  placed 
between  two  plane  parallel  electrodes  made  of  aluminum. 


Table  1  Characteristic  values  of  insulators 


Ai 

A2 

PMMA 

56 

1062 

2.3 

3.0 

AI2O3 

52 

11800 

6.4 

9.2 

polyiniide 

43 

517 

1.9 

3.2 

Aj,A2:(eV) 


Fig.l  Secondary  electron  emission  rate 
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(a)charge  distribution  (b)fiekl  distribution  on  cathode 

Fig. 2  Results  on  cylindrical  insulator 

(PMMA,  V=50kV,  E„„=50k\7cm.  N=10Vcm,  W=10->,  M=6.28xl0’®.  t=5.6xl02//s) 


normalized  distance  from  cathode  distance  from  T.J.  (cm) 

(a)  chai’ge  distribution  (b)field  distribution  on  cathode 

Fig. 3  Results  on  conical  insulator 

(PMMA,  a=-45^,  V^lOOkV,  E„,==100kV/cm.  N=:10'Vcm,  W3=10^M=6.28x  10^^  t=78ns) 

3-  METHOD  OF  ELECTRIC  FIELD  CHANGE  ANALYSIS 

The  analysis  starts  with  the  siiiiulation  of  surface  charge  distril^ution,  which  varies  as  the  numl^er  of  electrons  M 
released  from  the  triple  junction  increases.  The  simulation  consists  of  a  two-dimensional  field  calculation  and  an  electron 
trajectory  analysis  by  employing  Monte  Carlo  simulation.  Details  of  this  simulation  has  l^een  described  elsewhere’^  As 
the  simulation  is  two-dimensional  and  it  is  necessary  to  save  the  computing  time,  a  bundle  of  electrons  with  density 
N(/cm)  is  released  for  W  times  from  the  triple  junction,  so  that  the  number  of  electron  in  this  study  is  given  as 
M=27rrtxNW,  where  r^  is  the  radius  of  the  initial  electron  bundle. 

Examples  of  the  charge  distribution  are  shown  in  Fig.2(a)  for  the  cylindrical  and  Fig.3(a)  for  the  conical  insulators, 
where  solid  lines  show  the  charge  in  equilibrium'^.  Figs. 2(b)  and  3(b)  are  normalized  elecdric  field  distributions  on  the 
cathode,  where  values  at  distance  1=0  give  the  field  strength  at  the  triple  junction. 

The  field  strength  at  the  triple  junction  can  ])e  denoted  as  Ej(M)  as  it  varies  with  M.  In  order  to  understand  the 
temporal  behavior  of  the  field  Ej(t),  we  transform  the  electron  number  M  into  time  t.  When  the  number  of  electrons 
increases  from  M  to  M+AM,  the  time  At  necessary  for  providing  AM  electrons  can  l)e  estimated  by  using  a  field 
emission  current.  Assuming  that  field  strength  is  constant  during  At,  and  that  actual  field  strength  at  the  junction  is 
multiplied  by  taking  a  small  vacuum  gap  at  the  interface  into  account,  the  field  emission  current  I  can  be  obtained  l)y 
substituting  6,>Ej(M)  into  Fowler-Nordheim  equation.  Thus,  for  a  given  M=^  AM,  t  is  given  as  At=]^e(AM)/I. 
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Ta])le  2  Flashover  voltages 
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Fig.4  Voltage  dependence  of  cylindrical  in8idator(PMMA) 


4.  RESULTS  AND  DISCUSSIONS 


4.1.  Voltage  dependence 

Fig.4  shows  the  field  changes  of  the  C3dindrical  PMMA  insulator,  where  the  insulator  is  exposed  to  stepwise  constant 
voltages  with  different  height  (V).  It  is  seen  that  each  of  the  fields  increases  suddenly  from  its  geometrical  value  to  a 
higher  one.  This  is  because  the  positive  charge  accumulation  as  shown  in  Fig.2  causes  a  positive  feed  back  effect  on  the 
field  emission  current.  The  increase  occurs  at  about  t=60ns  when  V=100kV  and  at  about  t=50s  when  V=30kV.  This 
result  demonstrates  that  the  reduction  in  voltage  height  by  30%  brings  into  a  charging  speed  multiplication  of  10“^, 

4.2.  Field  change  at  flashover  voltage 

4.2.1.  Flashover  voltage  and  time  lag 

Flashover  voltages  of  insulators  exposed  to  ±2/50(/ts)  impulse  voltages  are  measured  and  shown  in  Table  2,  where 
results  with  a  positive  angle  are  also  shown  for  a  refference.  Spark  conditioning  was  conducted  before  each  of  the 
measurements.  It  is  interesting  to  note  that  the  polyimide  insulator  is  superior  than  the  other  insulators.  It  is  also 
interesting  to  note  that  AI2O3  insulator  has  the  lowest  flashover  voltage  at  the  negative  cone  angle. 

Statistical  distributions  of  the  flashover  time  lag  t/  were  observed  for  each  of  the  insulators  and  it  was  found  that 
the  flashovers  took  place  during  2<t/(//s)<30.  Among  those  distributions,  the  flashover  delays  with  AI2O3  were  shorter 
than  that  of  the  other  two  materials  and  distributed  mostly  in  ti<3{f.ts). 

4.2.2.  Field  change  at  flashover  voltage 

Fig. 5  shows  the  field  changes  at  around  respective  flashover  voltages  of  the  cylindrical  insulators.  The  field  with 
AI2O3  insulator  increases  at  t=3ns.  This  is  shorter  than  that  of  the  other  insulators  although  the  applied  voltage 
is  lowest.  The  field  with  polyimide  increases  at  around  t— 400ns.  From  these  results  we  can  deduce  that  the  field 
enhancement  with  above  two  insulators  occurs  immediately  after  the  crest  of  the  impulse  voltage  is  reached,  even  if  a 
charging  during  the  voltage  rise  is  neglected.  Thus  the  simulated  results  are  consistent  with  the  observed  time  lag,  A 
wide  distribution  of  the  time  lag  with  pol^dmide  could  be  attributed  to  a  statistical  time  lag  of  the  discharge  initiation 
in  a  gas  generated  during  the  charging. 

The  field  enhancement  with  the  cylindrical  PMMA  insulator  occurs  at  t=560//s,  which  is  too  late  to  explain  the 
experimental  flashover  delay.  Since  a  intense  degradation  at  the  cathode  side  edge  of  this  insulator  was  observed  after 
the  test,  it  is  considered  that  the  degradation  lowered  the  flashover  voltage. 

Fig.6  shows  the  field  changes  with  the  conical  insulators.  These  fields  demonstrate  a  similar  decreasing  curve.  The 
field  at  t=l/.As  is  approximately  17%  (polyimide),  21%i  (PMMA)  and  6%  (AI2O3)  of  those  respective  geometrical  values. 
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Fig,5  Field  changes  of  cylindrical  Fig.6  Field  changes  of  conical 

insulators  at  flashover  voltage  insulators  at  flashover  voltage  (a'=-45'^) 


After  this  instant,  each  of  the  fields  goes  down  much  slower  than  before  because  of  the  decrease  in  the  field  emission 
current.  It  is  difficult  to  explain  the  relationship  between  the  field  reduction  and  the  flashover  occurrence  in  these  cases, 
however,  we  consider  that  a  electron  stimulated  gas  desorption  occurring  with  the  negative  charging  up  to  t=l//s  is 
responsible  for  the  flashover. 

5-  CONCLUDING  REMARKS 

Temporal  changes  in  the  electric  field  strength  at  cathode  triple  junction  due  to  the  accumulation  of  charge  on 
insulators  have  been  analyzed.  It  has  been  demonstrated  that  the  temporal  behavior  of  the  field  depends  strongly 
on  both  insulator  shape  and  material,  and  also  on  the  voltage  height  being  applied.  Cylindrical  insulators  show  a 
abrupt  increase  in  the  field  strength.  Negatively  angled  insulators  show  a  consideral)le  reduction  in  the  electric  field. 
Experimental  observation  has  shown  that  the  flashover  occurs  at  a  time  which  is  later  than  the  considerable  field  change, 
excepting  a  special  case  in  which  a  degradation  of  insulator  takes  place. 
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ABSTRACT 

A  method  for  preliminary  treatment  of  electrodes  by  a  microsecond  low-energy  intense  electron  beam  is  proposed. 
It  has  been  demonstrated  that  such  a  beam  melts  off  the  electrode  surface  and  cleans  the  surface  layers  from  impurities 
and  dissolved  gases.  In  combination  with  subsequent  conditioning  of  the  vacuum  gap  by  low-current  pulsed  discharges, 
high  breakdown  electric  fields  can  be  attained. 


1.  INTRODUCTION 


The  electric  strength  of  a  vacuum  insulation  depends  in  large  measure  on  the  surface  condition  of  the  electrodes 
after  preliminary  treatment.  Typical  treatment  of  the  electrodes  involves  mechanical  and/or  electrochemical  polishing 
followed  by  washing  with  distilled  water.  The  electric  strength  of  a  vacuum  gap  may  further  be  increased  by  condition¬ 
ing  the  electrodes  in  vacuum  without  breakdowns  or  with  breakdowns  at  a  limited  discharge  current^”^.  We  propose 
a  method  for  preliminary  treatment  of  electrode  surfaces  by  low-energy  high- current  electron  beams  (LEHCEBs)  of 
microsecond  duration^.  This  method  has  been  made  feasible  owing  to  the  creation  of  broad-LEHCEB  sources^.  In 
the  process  of  LEHCEB  treatment  of  electrodes,  the  surface  layers  are  quickly  heated  to  high  temperatures,  melted, 
and  cleaned  from  impurities  and  dissolved  gases.  Superfast  cooling  of  the  surface  layers  results  in  forming  a  highly 
homogeneous  structure  in  this  layers.  This  treatment  has  the  effect  of  improving  the  insulating  properties  of  the 
vacuum  gap.  The  paper  presents  some  data  on  the  peculiarities  of  the  pulsed  e-beam  treatment  of  electrodes  and  the 
effect  of  such  treatment  on  the  insulating  properties  of  vacuum  gaps. 

2.  ELECTRODE  SURFACE  MODIFICATION  UPON  LEHCEB  TREATMENT 
2.1.  Electrode  treatment  conditions 

Electrode  pairs  made  of  stainless  steel  (SS),  copper,  titanium,  and  nickel.  The  electrodes  were  shaped  as  4-mm 
diameter  rods  with  rounded  edges.  Upon  being  manufactured,  all  electrodes  (Ti  excluded)  were  electro  chemically 
polished  in  standard  modes  described  in  the  literature,  and  washed  in  distilled  water.  The  washed  and  dried  electrodes 
were  stored  in  plastic  boxes  until  being  used.  Subsequently,  some  electrodes  were  treated  by  LEHCEBs  and  placed 
again  in  plastic  boxes.  Unirradiated  electrode  pairs  were  used  for  comparison  measurements. 

Electrode  irradiation  was  performed  on  a  setup  described  in  Ref.  5.  The  beam  pulse  duration  Tp  was  0.7  to  1.5  fis, 
the  average  electron  energy  in  a  pulse  was  7  to  15  keV,  and  the  beam  energy  density  Q  was  2  to  6  J/cm^.  These  beam 
parameters  provided  a  smooth  transition  from  the  mode  of  initial  surface  melting  to  the  mode  of  initial  evaporation 
of  the  surface  layer.  The  number  of  shots  Ng  was  varied  from  1  to  200. 

2.2.  Thermal  processes  at  electrodes  on  LEHCEB  irradiation 

The  thermal  processes  occurring  at  electrodes  were  analyzed  by  solving  a  time-dependent  one-dimensional  heat 
equation^.  Figure  1  shows  the  position  of  the  melt-solid  interface  as  a  function  of  time  t/rp  for  various  materials 
at  Tp  =0.Sfis  and  Q  =5.6  J/cm^.  The  velocity  of  propagation  of  the  crystallization  front  increases,  as  the  surface  is 
approached,  and  reaches,  depending  on  the  material,  3  to  30  m/s.  The  rate  of  cooling  of  the  electrode  material  at  the 
crystallization  front  also  increases,  as  the  surface  is  approached,  and  reaches  10^  to  10^^  K/s.  This  superfast  cooling 
results  in  for  stainless  steel,  as  for  carbon  steels^,  the  formation  of  a  nanocrystalline  structure  in  the  surface  layer. 
On  the  action  of  an  electron  beam  on  polycrystalline  iron,  as  a  result  of  recrystallization,  a  subgrain  structure  (with 
a  grain  size  of  2  to  5  fxm)  with  a  reduced  density  of  dislocations  and  point  defects  is  formed^. 

Increasing  the  beam  energy  density  increases  the  thickness  of  the  molten  layer  which  starts  intensely  evaporating. 
Figure  2  gives  the  thickness  /i  of  a  layer  evaporated  per  shot  as  a  function  of  beam  energy  density,  obtained  by  the 
weighting  method. 
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Fig.  1 
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2.3.  Formation  of  the  electrode  surface  microrelief 

It  has  been  established  that  the  initial  melting  of  the  electrode  surface  is  preceded  by  the  formation  of  craters  of 
diameter  from  a  few  micrometers  to  some  tens  of  micrometers  and  depth  of  some  micrometers.  The  highest  density 
of  microcraters  is  characteristic  of  the  stainless-steel  and  copper  electrodes.  Figure  3,a,b  presents  typical  photographs 
showing  the  morphology  of  the  surface  stainless-steel  electrodes.  With  increasing  the  beam  power  density,  the  density 
of  craters  increases  slightly,  but  their  diameter  increases  substantially.  Note  that  we  observed  similar  microcraters  in 
studying  the  dynamics  of  erosion  processes  on  the  anode  during  the  spark  stage  of  a  pulsed  breakdown  in  vacuum^. 
It  was  found  that  the  microcraters  were  solidified  liquid  phase  centers  having  appeared  on  an  unmolten  anode  surface 
under  the  action  of  the  electron  beam.  This  selective  character  of  the  initial  melting  indicates  that  microcraters  appear 
in  the  places  where  inclusions  of  other  phase  (sulphides,  phosphides,  carbides),  capable  of  forming  low-melting-point 
eutectics  with  the  matrix,  are  present.  The  regions  with  nonmetallic  inclusions  are  known^  to  show  elevated  emissivity 
and  be  responsible  for  the  initiation  of  breakdown. 


a)  b)  c) 

Fig.  3.  Photographs  of  the  surface  of  stainless-steel  electrodes  after  LEHCEB  treatment:  a)  Q  J/cm^,  Ns  =  l\  b) 
Q  J/cm^,  Ns—l\  c)  Q  ^^5  J/cm^,  A^5=50. 


To  clean  the  surface  layers  of  an  electrode  from  impurities,  it  is  purposeful  to  treat  it  in  a  cyclical  manner  by 
an  LEHCEB  in  the  initial  evaporation  mode.  During  this  treatment,  various  impurities  and  dissolved  gases  will  be 
efficiently  trapped  by  the  crystallization  front,  crop  out  at  the  surface,  and  be  removed  from  it.  A  direct  indication 
for  the  efficient  of  the  surface  layer  of  stainless  steel  from  detrimental  impurities  is  its  strongly  enhanced  resistance  to 
corrosion®.  Besides,  Auger  spectroscopy  of  the  surface  layers  of  titanium  alloys^  has  shown  that  LEHCEB  treatment 
cleans  these  layers  from  oxygen  and  carbon.  The  number  of  shots  necessary  for  cleaning  should  apparently  correspond 
to  the  thickness  of  the  removed  layer  comparable  with  the  microcrater  depth.  As  can  be  inferred  from  Fig.  2,  the 
desired  effect,  e.g.  for  stainless-steel  electrodes,  can  be  attained  by  cyclical  treatment  with  (5  —  5  J/cm^  and  ^,=50. 
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The  result  of  this  treatment  is  illustrated  in  Fig  3,c.  In  addition,  LEHCEB  treatment  of  electrodes  makes  the  surface 
microrelief  smoothed  off.  The  best  smoothed  surfaces  are  obtained  for  titanium  electrodes,  they  gain  mirror  lustre. 
Smoothing  should  also  add  to  the  electric  strength  of  the  vacuum  gap. 

3.  THE  EFFECT  OF  PULSED  E-BEAM  TREATMENT  OF  ELECTRODES 
ON  THE  ELECTRIC  STRENGTH  OF  VACUUM  INSULATION 

3.1.  Experimental  technique 

The  experiment  was  carried  out  in  an  oilless  vacuum  of  ~  10“"®  Pa.  The  electrode  gap  d  was  varied  from  70 
to  200  //m.  The  prebreakdown  current- volt  age  characteristics  were  measured  with  the  use  of  a  highly  sensitive  dc 
amplifier  and  a  highly  stable  const  ant- volt  age  power-supply  source  until  a  first  breakdown  and  after  conditioning  of 
the  electrodes  at  a  pulsed  voltage  (voltage  pulse  duration  ^3  //s,  discharge  current  up  to  0.5  A).  The  dc  breakdown 
voltages  Ui  were  measured  by  a  kilovoltmeter  with  slowly  (~10  kV/min)  increasing  gap  voltage,  the  limiting  resistance 
in  the  discharge  circuit  was  50  Mfi.  To  measure  the  pulsed  breakdown  voltage  C/2,  a  half-sinusoidal  voltage  of  peak 
value  up  to  45  kV  and  duration  1.5  ms  was  applied  to  the  electrode  gap.  Taken  as  the  U2  value  was  the  minimum 
peak  voltage  at  which  breakdown  took  place.  The  voltage  U2  was  recorded  using  an  oscilloscope.  The  discharge 
current  was  limited  by  a  75  kf2  resistor. 


3.2.  Prebreakdown  currents 

An  analysis  of  the  effect  of  discharge  conditioning  and  electron  beam  treatment  of  electrodes  on  the  prebreakdown 
current  (see  Fig.  4)  has  shown  following: 

1.  Discharge  conditioning  of  unirradiated  stainless-steel  and  nickel  electrodes  increases  the  prebreakdown  current. 
The  low  prebreakdown  currents  for  initial  electrodes  are  due  to  the  presence  on  the  surface  of  a  hard  passive  film 
formed  upon  electrochemical  polishing.  Discharges  destroy  this  film  and  microprotrusions  appear  on  the  cathode  as 
a  result  of  both  explosive  electron  emission  and  material  transfer  from  anode  to  cathode,  what  is  just  the  reason 
for  the  increase  in  prebreakdown  current.  Discharge  conditioning  of  unirradiated  titanium  and  copper  electrodes 
reduces  the  prebreakdown  current  by  two  orders  of  magnitude.  These  results  are  in  good  agreement  with  well-known 
observations^”^. 

2.  LEHCEB  treatment  of  stainless-steel  and  nickel  electrodes  increases  the  prebreakdown  current  by  about  an 
order  of  magnitude,  what  seems  to  be  related  to  the  destruction  of  the  passive  film.  However,  as  compared  to  the 
case  where  the  film  was  destroyed  only  by  discharges,  the  increase  in  current  is  not  so  great.  This  is  related  to  the 
fact  that  the  destruction  of  the  film  is  accompanied  by  cleaning  and  smoothing  off  of  the  electrode  surface.  The 
result  of  LEHCEB  treatment  of  Ti  and  Cu  electrodes  is  a  decrease  in  prebreakdown  current  by  about  three  orders  of 
magnitude,  what  is  related  to  the  fact  that  the  electrodes  are  cleaned  from  impurities. 

3.  Discharge  conditioning  of  electrode  pairs  reduced  prebreakdown  current.  This  effect  is  most  pronounced  for 
Cu  electrodes.  This  is  possibly  related  to  the  fact  that  copper  electrodes  are  not  cleaned  well  enough  upon  LEHCEB 
treatment.  Actually,  as  follows  from  calculations  and  experiments  (see  Fig.  2),  for  (5=5.6  J/cm^,  the  thickness  of  the 


lg(I/U®)  lg(I/U*)  lg(I/U')  lg(I/u") 


Fig.  4.  Prebreakdown  current-voltage  characterisitics  measured  for  various  electrode  pairs:  1  -  unirradiated,  before 
conditioning;  >?”*  unirradiated,  after  conditioning;  irradiated,  before  conditioning;  4  ~  irradiated,  after  conditioning. 
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layer  removed  from  a  copper  electrode  in  one  shot  is  about  an  order  of  magnitude  smaller  than  that  for  electrodes 
made  of  other  metals.  Therefore,  for  more  efficient  cleaning  of  copper  electrodes,  it  is  necessary  to  increase  the  beam 
energy  density. 


3.3.  Breakdown  electric  fields 

Curves  /  and  2  in  Fig.  5  illustrate  a  typical  process  of  conditioning  for  vacuum  gaps  with  unirradiated  electrodes. 
LEHCEB  irradiation  of  electrodes  increases  both  the  dc  (curves  3)  and  the  pulsed  (curves  4)  electric  strength.  The 
highest  breakdown  electric  fields,  Etr,  have  been  achieved  for  stainless-steel  and  Ni  electrodes.  When  it  is  considered 
that  for  the  materials  investigated  the  critical  electric  field  at  cathode  micropoints,  at  which  breakdown  is  initiated, 
is  Ecr  =  PEir  =  (5  to  7)  •  10^  V/cm  (see  Ref.  3),  the  effective  factor  of  field  enhancement  at  these  micropoints  P  turns 
out  to  be  10  to  30.  These  values  of  /?  are  indicative  of  good  condition  of  the  surface  treated  by  an  electron  beam  and 
conditioned  by  discharges. 


Ebr,  MV/cm  Cu 


Fig.  5.  Breakdown  electric  field  Eir  vs  the  number  of  conditioning  pulses  Np-.  1  -  unirradiated  electrodes  (o), 
dc  voltage;  2  -  unirradiated  electrodes  (o),  pulsed  voltage;  3  -  irradiated  electrodes  (.),  dc  voltage;  4  -  irradiated 
electrodes  (•),  pulsed  voltage. 
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ABSTRACT 


An  ion  beam  sputtering  technique  was  used  to  clean  the  electrode  surfaces  of  vacuum  gaps.  Ions  of  the 
sputtering  gas  were  irradiated  by  means  of  an  ion  gun  in  a  vacuum  chamber  attached  to  a  breakdown 
measurement  chamber.  By  providing  in  situ  ion-beam  sputter  cleaning,  this  system  makes  it  possible  to 
make  measurements  free  from  contamination  due  to  exposure  to  the  air.  The  sputtering  gas  was  He  or  Ar, 
and  the  electrodes  were  made  of  oxygen-free  copper  (purity  more  than  99.996%).  An  impulse  voltage 
with  the  wave  form  of  64/700  jj,s  was  applied  to  the  test  gap,  and  the  pressure  in  the  breakdown  measure¬ 
ment  chamber  at  the  beginning  of  breakdown  tests  was  1.3X10“®  Pa.  These  experiments  showed  that  ion- 
beam  sputter  cleaning  results  in  higher  breakdown  fields  after  a  repetitive  breakdown  conditioning  proce¬ 
dure,  and  that  He  is  more  effective  in  improving  hold-off  voltages  after  the  conditioning  (Under  the  same 
ion  current  density,  the  breakdown  field  was  300  MV/m  for  He  sputtering  and  200  MV/m  for  Ar  sputter¬ 
ing).  The  breakdown  fields  at  the  first  voltage  application  after  the  sputter  cleaning,  on  the  other  hand, 
were  not  improved. 


1.  INTRODUCTION 


It  is  widely  recognized  that  dielectric  breakdown  strength  of  a  vacuum  gap  is  influenced  by  the  elec¬ 
trode  surface  conditions.  ^  Before  the  electrodes  are  set  into  the  vacuum  chamber,  their  surfaces  are  proc¬ 
essed  in  the  atmosphere.  Contamination  and  oxidation  of  electrode  surfaces  are  thus  inevitable.  Vacuum 
gaps  are  therefore  always  conditioned  after  they  are  set,  and  various  conditioning  procedures  (gas  condi- 
tioning2,  repetitive  spark  conditioning®  etc.)  are  available. 

To  find  out  how  electrode  surface  conditions  and  bulk  characteristics  influence  vacuum  breakdown 
strength,  it  is  necessary  to  process  the  electrode  surfaces  and  measure  the  breakdown  strength  in  the  same 
vacuum  chamber,  or  to  transfer  the  electrodes  from  a  processing  chamber  to  a  measurement  chamber 
through  a  vacuum.  We  have  already  described  how  the  repetitive  spark  conditioning  is  affected  by  Ar  ion 
sputter  cleaning."^  Because  an  ion-beam  sputtering  technique  can  easily  clean  electrode  surface,®  in  the 
work  presented  here  we  compared  the  effects  of  in  situ  He  sputter  cleaning  and  Ar  sputter  cleaning. 

2.EXPERIMENTAL 


2.1 -Apparatus 

The  experimental  apparatus  is  shown  schematically  in  Fig.  1.  The  sputter  cleaning  is  carried  out  by  an 
ion  gun  in  Chamber  1.  After  cleaning  the  electrodes  were  transferred  to  Chamber  3  through  Chamber  2, 
in  which  the  surface  can  be  analyzed  by  X-ray  photoelectron  spectroscopy  (XPS).  All  the  processes 
— that  is,  electrode  surface  cleaning,  surface  analysis,  and  breakdown  measurements  — can  be  carried  out 
without  the  exposing  the  electrode  to  air. 

The  pressure  in  Chamber  2  and  3  was  maintained  at  1  to  3X10“®  Pa  by  sputter  ion  pumps  and  Ti- 
getter  pumps.  The  voltages  applied  were  positive  impulses  (peak  value  100k V)  with  a  64  (xs  rise  time  and 
700  jxs  decay  time. 
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2.2.Electrode  preparation  and  experimen¬ 
tal  procedure 

The  electrodes  were  made  of  oxygen-free 
copper  (ASTM-F-68  Classl).  Typical  chemical 
compositions  were  as  follows:  copper  was  more 
than  99.996%,  the  hydrogen  gas  content  was  less 
than  0.5  ppm,  and  the  oxygen  content  was  less 
than  2  ppm.  Sample  electrodes  were  machined 
from  this  material,  and  the  electrode  surface  was 
processed  by  turning. 

After  a  sample  electrode  was  put  into  Cham¬ 
ber  1,  its  surface  was  cleaned  by  the  sputter  ion- 
beam  gun.  Then  the  sputter-cleaned  electrode 
was  transferred  to  Chamber  2  for  XPS  analysis  of 
the  surface  condition.  After  breakdown  strength 
of  the  electrode  was  measured  in  Chamber  3,  the 
electrode  was  returned  to  Chamber  2  for  another 
analysis  of  its  surface  condition. 


Chaiber  1  Chaiber  Z  CKaaber  3 


Fig.  1.  Experimental  system. 


3.CONDITIONS  OF  ELECTRODE  SURFACES 


A  scanning  electron  microscope  (SEM)  picture  of  the  as-machined  electrode  surface  (Fig.  2)  shows 
traces  of  the  turning,  and  that  the  surfece  is  fairly  flat. 

The  electrode  surface  conditions  before  and  after  sputtering  are  shown  in  Fig.  3.  Before  sputtering,  a 
Cjs  peak  due  to  organic  contaminants  and  an  O^s  peak  due  to  oxide  layers  on  the  electrode  surface  are 
seen  in  the  wide-scan  spectrum.  The  peak  due  to  Cu  (that  is,  Cu2p,  Cu3n,  and  Cu^ugeJ  is  very  low.  Elec¬ 
trode  surfaces  without  any  in  situ  surface  processing,  therefore,  seem  to  be  covered  with  organic  contami¬ 
nants  and  oxide  layers.  After  sputtering  by  either  He  ions  or  Ar  ions,  on  the  other  hand,  the  and  Ojg 


75  pm 


Fig.  2.  SEM  picture  of  as-machined 
electrode  surface. 


Fig.  3.  XPS  spectra  of  nonsputtered, 
He-ion-sputtered,  and  Ar-ion- 
sputtered  electrode  surfaces. 
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peaks  are  not  evident  and  peaks  due  to  Cu  are  obvious. 
The  spectra  thus  show  that  ion-beam  sputtering  removes 
surface  contaminants.  In  situ  surface  cleaning  thus  makes 
it  possible  to  measure  breakdown  fields  for  electrodes 
without  surface  contamination. 

4.BREAKDOWN  STRENGTH  AND  SPUTTERED 
SURFACES 


The  strength  of  breakdown  fields  (breakdown  voltage 
divided  by  gap  length)  is  shown  in  Fig.  4.  The  results 
shown  in  Fig.  4(a)  were  obtained  from  electrodes  sput¬ 
tered  under  the  same  ion-beam  current  density  for  both 
He  and  Ar,  and  the  results  shown  in  Fig.  4(b)  were  ob¬ 
tained  with  ion-gun  operating  conditions  that  were  identi¬ 
cal  for  He  and  Ar.  These  figures  show  that  breakdown 
fields  first  gradually  increase  with  increasing  numbers  of 
breakdowns  and  then  settle  down  to  stable  values.  From 
Fig.  4(a)  we  can  see  that  He  ion  sputtering  is  more  effec¬ 
tive  than  Ar  ion  sputtering,  whereas  from  Fig.  4(b)  we  see 
that  Ar  ion  sputtering  is  slightly  superior  to  the  He  ion 
sputtering.  These  results  confirm  that  the  in  situ  ion  sputter 
cleaning  obtains  good  results  in  the  conditioning  effect 
and  that  the  effect  depends  on  sputtering  conditions. 

Breakdown  fields  at  the  first  voltage  application  and 
after  the  values  became  stable  are  summarized  in  Table  1. 
The  values  listed  in  this  table  clearly  show  the  effective¬ 
ness  of  in  situ  ion-beam  sputter  cleaning.  The  condition¬ 
ing  effect  is  far  smaller  for  the  electrodes  that  were  not 
sputter  cleaned,  but  the  field  strength  at  the  first  break¬ 
down  are  similar  for  sputtered  and  unsputtered  electrodes. 
This  result  suggests  that  the  cleaning  of  electrodes  is 
necessary  for  improving  breakdown  fields  but  is  not  suffi¬ 
cient. 

It  has  been  shown  that  the  in  situ  sputter  cleaning 
improves  the  conditioning  effect  for  vacuum  gaps.  One 
cause  of  this  effect  is  the  removal  of  contaminants  and 
oxide  layers  on  the  electrode  surface.  Ion-beam  sputter¬ 
ing,  however,  also  causes  surface  roughness  and  strains 
that  will  reduce  the  breakdown  strength.  We  therefore 
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Table  1.  Breakdown  fields. 
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observed  the  sputtered  surface  by  using  a  scanning 
electron  microscope.  The  surfaces  of  test  pieces 
made  of  tough-pitch  copper  were  polished  to  a 
mirror  finish  by  using  a  diamond  paste  with  a  0.5 
pm  grain  size.  The  polished  surfaces  were  then 
sputtered  by  either  He  ions  or  Ar  ions. 

The  polished  surface  shown  in  Fig.  5(a)  is 
smooth,  whereas  the  sputtered  surfaces  shown  in 
Fig.  5(b)  and  (c)  are  roughened.  The  roughness  was 
dependent  on  the  ion  beam  sputtering  conditions. 
Ion-beam  sputtering  thus  provided  clean  but  rough 
surfaces.  Cleaning  surfaces  tent  to  have  higher 
breakdown  fields,  but  the  rougher  surfaces  tend  to 
have  lower  breakdown  fields.  The  resultant  first 
breakdown  field  will  thus  be  determined  by  the 
balance  between  these  factors. 

5.CONCLUSION 

The  findings  of  the  present  experiments  are 
summarized  as  follows: 

1.  In  situ  ion  beam  sputter  cleaning  improves  the 
conditioning  effect  of  vacuum  gaps,  but  does  not 
effect  the  strength  of  the  first  breakdown  field. 

2.  Ion-beam  sputtering  roughens  electrode  surfaces, 
contributing  to  lower  first  breakdown  fields. 
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ABSTRACT 

The  paper  presents  electrical  strength  estimation  of  vacuum  insulating  system  after  long  period  of 
storage,  when  voltage  was  not  applied  to  the  system.  The  test  objects  were  commercially  manufactured, 
high  voltage  extinguishing  chambers  of  vacuum  interrupter.  The  method  of  chamber  preparation  with 
conditioning  process  was  described.  Maximum  charge  of  microdischarges  and  also  microdischarges  onset 
(inception)  voltage  were  the  parameters  taken  as  the  criteria  to  evaluate  the  electroinsulating  state  of 
vacuum  system.  It  was  found  that  there  is  a  relation  between  breakdown  voltage  and  the  charge  of 
microdischarges.  The  measurements  were  made  after  long-lasting  period  of  time,  when  the  chambers  were 
stored  without  any  voltage  applied  to  them.  The  investigations  proved  that  the  increase  of  microdischarge 
charge  resulted  in  the  breakdown  voltage  decrease.  On  the  other  hand,  microdischarge  charge  decreasing 
was  accompanied  by  the  breakdown  voltage  increase.  Limiting  of  microdischarge  intensity  involves  the 
increase  of  electric  strength  of  a  tested  insulating  system.  Microdischarges  maximum  charge  in  vacuum 
insulating  systems  may  be  chosen  as  the  one  of  quantities  used  for  defining  the  electrical  state  of  a  chamber. 
It  is  important  in  a  case  when  the  measurement  of  breakdown  voltage  is  impossible  to  conduct,  or  should 
not  be  done,  because  it  may  change  the  state  of  an  investigated  system. 


1.  INTRODUCTION 

High  voltage  electrical  devices  with  vacuum  as  an  insulating  medium,  require  employment  of  complex 
measuring  procedures  due  to  the  fact  that  investigated  breakdown  voltage  is  a  very  unstable  parameter,  both 
in  vacuum  gap,  and  along  the  surface  of  dielectric  material  placed  in  vacuum.  This  unstability  of  breakdown 
voltage  is  strictly  connected  with  the  state  of  electrode  surface,  which  undergoes  the  permanent  changes.  It 
depends  also  on  a  kind  of  phenomena  taking  place  in  investigated  system  before  the  breakdown.  Each 
breakdown  occurring  in  a  vacuum  insulating  device  changes  the  parameters  characterising  state  of  this 
system  such  as:  surface  micro-relief,  residual  gas  pressure,  physical  and  chemical  structure  of  electrodes 
[1,2,3].  An  effective  observation  of  all  parameters  describing  vacuum  system  state  is  practically  impossible, 
what  makes  precision  evaluation  of  electric  strength  unrealisable.  Therefore  it  is  very  important  to  find  such 
a  parameter,  which  may  describe  the  state  of  the  insulating  system  without  necessity  of  the  breakdown  effect 
execution. 

On  the  basis  on  our  previously  made  investigations  [4,5,6]  above  mentioned  problem  is  possible  to  solve 
when  we  can  measure  the  parameters  characterising  prebreakdown  state.  We  use  the  fact  that  electric 
strength  is  depended  on  prebreakdown  phenomena  intensity  and  their  complex  measurement  should  give  us 
opinion  on  vacuum  system  ability  to  initiate  the  breakdown. 
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One  of  the  best  criterion  of  vacuum  gap  strength  is  maximum  charge  carried  by  the  most  intensive 
microdischarge  occurred  in  an  investigated  system.  Microdischarges  are  self-limiting,  low  power  impulses  of 
current.  They  may  be  caused  by  small  particles  of  electrode  material  which  are  pulled  out  from  one 
electrode  and  strike  the  other  electrode.  Also  a  beam  of  electrons  from  the  cathode  can  vaporise  a  small 
quantity  of  material  from  the  surface  of  the  anode.  Presence  of  various  kinds  of  contaminants  on  the 
electrodes'  surface  is  a  more  common  reason  of  microdischarge  formation. 

Other  prebreakdown  phenomena,  like  electron  field  emission,  and  other  microdischarge  parameters,  like 
onset  (inception)  voltage,  frequency  of  occurrence,  total  charge  of  impulses  in  a  determined  time  interval, 
energy,  radio  frequency  interference  level  also  may  be  considered  as  criteria  of  the  state  of  an  insulating 
system  [7], 

The  aim  of  this  paper  is  to  describe  the  possibility  of  usage  such  a  parameter  like  maximum  charge  of 
microdischarges  to  evaluate  the  state  of  the  vacuum  insulating  system,  especially  after  long-lasting  time  of 
this  system  storage  when  voltage  was  not  applied  to  it. 

2.  TEST  OBJECTS  AND  EXPERIMENTAL  SET-UP 

The  test  objects  were  extinguishing  chambers  of  vacuum  interrupter  of  rated  voltage  equal  to  12  kV  and 
24  kV.  Electrodes  were  made  of  Cu-Cr  sinter.  Residual  gas  pressure  was  of  the  order  of  10'^  Pa.  The 
interelectrode  gap  was  set  to  nominal  distance  equal  to  12  mm  for  12  kV  chambers  and  14  mm  for  24  kV 
chambers. 

For  microdischarge  measurements  the  typical  arrangement  for  partial  discharge  investigation  was  used. 
The  breakdown  AC  voltage  was  determined  in  a  measuring  set-up  with  0.22/150  kV  transformer. 

Brand-new  chambers  were  heated  in  high  temperature  to  degas  all  its  parts.  Next  the  electrodes  were 
eroded  with  a  DC  current  arc  to  remove  the  contaminants  from  the  surface  of  the  contacts.  Such  a  process 
leads  up  to  the  roughening  this  surface,  what  involves  the  decrease  of  the  electric  strength  of  the  vacuum 
gap  between  electrodes.  The  conditioning  process  is  necessary  to  improve  the  electric  strength  of  the 
chamber.  A  series  of  breakdowns  between  the  main  electrodes  was  executed.  Each  successive  breakdown 
usually  occurred  at  a  higher  value  of  voltage,  up  to  the  limit  of  electric  strength  of  the  chamber.  At  that 
point  breakdown  voltage  oscillates  around  a  certain  average  value,  several  times  higher  than  the  voltage  of 
the  first  breakdown.  The  chamber  prepared  in  such  a  way  is  ready  to  use. 


3.  RESULTS  AND  DISCUSSION 

If  we  assume  that  microdischarges  are  one  of  the  reasons  which  lead  to  the  final  breakdown  between  the 
main  electrodes,  it  should  be  checked  if  there  is  any  relationship  between  the  breakdown  voltage  and 
microdischarge.  The  maximum  charge  of  microdischarges  was  taken  as  the  most  significant  parameter 
characterising  them.  All  investigations  were  made  with  the  electrode  set  to  the  nominal  distance.  The 
maximum  charge  of  microdischarges  was  measured  during  the  conditioning  process,  just  before  each 
conditioning  breakdown.  It  was  found  that  the  presence  of  microdischarges  with  high  charge  values  is  the 
reason  of  breakdown  with  relatively  low  voltage,  as  it  is  shown  in  Fig.  1 .  Limiting  of  microdischarge 
intensity  increases  an  electric  strength  of  the  interelectrode  vacuum  gap. 
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Fig.l.  Breakdown  voltage  as  a  function  of  maximum  charge  of  microdischarges.  Voltage  in  peak  values 


The  breakdown  voltage  strictly  depends  on  microdischarge  charge,  what  was  found  when  the 
determination  coefficient  of  corresponding  quantities  was  analysed.  Since  this  dependence  is  so  strict,  the 
maximum  charge  may  be  treated  as  an  evaluation  criterion  of  electric  strength  of  the  vacuum  chambers.  The 
efficiency  of  conditioning  process  manifests  itself  in  a  stabilisation  of  microdischarge  charge  and  in 
non-diminishing  of  the  breakdown  voltage  value.  The  microdischarge  charge  was  measured  just  after  the 
end  of  conditioning  process,  and  next  in  some  time  intervals  up  to  90  days  of  storing  the  chambers.  After 
this  time  also  the  breakdown  voltage  of  all  the  chambers  was  measured.  Fig.2  shows  the  values  of 
microdischarge  charge  measured  during  long-lasting  storage  of  the  chambers,  when  voltage  was  not  applied 
to  them.  In  this  figure,  there  are  also  included  the  values  of  breakdown  voltage  measured  just  after  the 
end  of  the  conditioning  process  and  after  the  end  of  storage  time.  We  can  see  that  the  good  properties  of  the 
chambers  obtained  in  an  appropriate  preparation  process  were  preserved.  This  appears  in  a  relatively  low 
value  of  the  maximum  charge  (comparing  to  Fig.l)  during  a  whole  storage  period.  The  breakdown  voltage 
was  even  higher  than  in  the  beginning  of  storage  time,  what  may  be  involved  by  the  limitation  of 
microdischarge  charge  intensity. 

Relatively  high  value  of  the  charge  in  the  1 5-th  day  of  storage  for  the  24  kV  chamber  should  be  treated 
as  a  random  one,  and  confirms  the  complex  and  non-stable  nature  of  microdischarges. 
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Fig.2.  Changes  of  microdischarge  charge  during  long-lasting  storage  of  selected  12  kV  chambers  (solid 
line)  and  24  kV  chamber  (broken  line).  Numbers  inside  the  figure  are  the  values  of  breakdown  voltage  (in 
peak  values)  taken  after  the  end  of  conditioning  process  and  next  after  the  storage  time  of  90  days 


4.  CONCLUSIONS 

1.  Limiting  of  microdischarge  intensity  involves  the  increase  of  electric  strength  of  the  tested  insulating 
vacuum  system. 

2.  Properly  prepared  vacuum  chambers  keep  their  good  electroinsulating  properties  without  the  changes  in 
time. 

3.  The  maximum  charge  of  microdischarges  may  be  considered  as  the  quantity  describing  the  vacuum 
chamber  state  in  a  case  when  the  breakdown  voltage  can  not  be  obtained,  because  the  measurement  of 
this  voltage  may  change  a  state  of  the  system. 
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ABSTRACT 


We  observed  the  discharge  type  under  non-uniform  field  in  vacuum  for  air  and  He  gas.  In  order  to  quantitatively  discuss 
the  change  of  the  discharge  type,  we  introduced  an  image  processing  method.  In  the  first  place,  we  newly  proposed  4  shape 
parameters  to  characterize  the  discharge  pattern:  the  area  Sh,  the  flatness  rate  H7V,  the  location  G  of  the  center  of  gravity  for  the 
luminous  area,  and  the  length  L  of  the  positive  column.  The  analysis  with  the  image  processing  for  air  revealed  that  Sh,  HA^  and 
G  continuously  increased  as  the  pressure  decreased.  Consequently,  the  discharge  type  in  air  was  successfully  classified  into  3 
regions  with  two  boundary  pressures  200  and  2000  Pa  over  the  pressure  range  from  1.3  X  10"^  to  27  Pa.  We  also  analyzed  the 
discharge  type  in  He  gas  in  the  same  way.  We  newly  introduced  an  another  parameter:  effective  current  density  Je  which  was 
defined  as  a  ratio  of  the  discharge  current  to  the  luminous  area  viewed  from  the  vertical  direction.  Je  proved  to  be  independent  of 
the  discharge  current  Id,  so  that  we  suggested  the  possibility  that  Je  can  be  a  universal  parameter  to  classify  the  discharge  type 
for  non-uniform  electric  field  in  vacuum. 


1.  INTRODUCTION 

Since  space  technology  has  been  developing  remarkably,  application  of  high  voltage  technology  in  space  is  now  underway. 
For  instance,  the  technology  for  large  power  transmission  receives  a  special  attention.  In  this  case,  electrical  insulation  will  play 
a  decisive  role  in  reliable  operation  of  the  power  apparatus  in  space.  In  particular,  the  understanding  of  discharge  characteristics 
in  space  environment  is  crucial  for  the  application  of  high  voltage  technology  to  the  power  apparatus  in  space.  Space  environment 
is  characterized  by  sever  and  special  conditions  such  as  low  to  ultra  high  vacuum,  no  gravity,  wide  temperature  difference,  ultra 
violet  radiation,  plasma,  magnetic  field  and  so  on.^  For  example,  surface  discharge  due  to  charging  of  solid  dielectrics  in  space 
caused  even  several  satellites  to  lose  their  function.  In  such  special  circumstances,  the  terminology  defined  conventionally  in  the 
field  of  gas  discharge  technology  may  no  longer  be  used:  the  definition  of  arc,  glow  and  corona  discharges.  Even  wrong 
terminology  concerning  discharges  is  sometimes  used. 

Although  there  have  been  extensive  studies  of  discharge  phenomena  in  vacuum  simulating  space  environment,  the  type 
and  mechanism  of  discharge  under  a  non-uniform  electric  field  in  low  and  medium  vacuum  are  not  sufficiently  clarified  yet, 
especially  discharges  in  low  pressure  He  gas  which  is  dominant  in  high  altitude  space.  From  the  above  points  of  view,  we  have 
been  investigating  discharge  phenomena  in  low,  medium  and  high  vacuum  simulating  the  space  environment.  In  the  first  step,  in 
this  paper,  an  attempt  is  made  to  quantify  the  discharge  phenomena  and  to  classify  the  discharge  type  in  vacuum  of  air  and  He 
gas  under  the  non-uniform  electric  field.  We  employ  image  processing  technique  in  order  to  analyze  quantitatively  the  discharge 
type. 
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2.  EXPERIMENTAL 


400  kO 


1 000  :  1  probe 


Figure  1  illustrates  the  experimental  setup,  which 
consists  of  a  vacuum  chamber  made  of  glass,  a  dc  power 
supply,  a  video  camera,  a  color  monitor  and  an  image 
processing  unit.  The  point-plane  electrode  (point  radius 
of  the  curvature  is  50  /i  m)  were  placed  in  the  vacuum 
chamber.  After  evacuation  to  almost  10’^  Pa,  air  or  He 
gas  was  introduced  into  the  chamber  back  to  the 
atmospheric  pressure.  Then,  the  pressure  was  set  at  a 
given  value  between  0.  1  MPa  and  0. 1  Pa.  A  dc  ramp 
voltage  with  positive  polarity  was  applied  to  the  high 
voltage  electrode  at  a  rate  of  0.1  kV/s.  Discharge 
phenomena  were  observed  with  a  video  camera  and  Fig.l  Experimental  setup, 

recorded  on  a  video  tape.  The  recorded  data  were  used 
for  image  processing  to  quantify  the  discharge  pattern 
and  classify  the  discharge  type.  All  measurements  were 
performed  at  room  temperature. 

3.  CHANGE  OF  DISCHARGE 
TYPE  IN  VACUUM 

Figures  2  (a)  to  (c)  show  pictures  of 
observed  discharge  pattern  in  air  at  1.3  X 10^, 

1.3  X  10^  130  Pa,  respectively,  for  the  needle- 
plane  electrode  configuration  with  the  gap 
length  d  =  15  mm.  As  seen  from  the  picture 

(a) ,  at  1 .3  X 10"^  Pa,  glow  discharge  takes  place 
with  emitting  light  only  at  the  electrode  edge. 

When  the  pressure  decreases  to  1.  3X10'  Pa 

(b) ,  positive  column  begins  to  emerge  definitely. 

Further  decrease  of  the  pressure  to  130  Pa  (c) 
causes  the  positive  column  to  disappear  again 
and  the  luminous  part  of  discharge  to  start 
spreading  horizontally  along  the  plane 
electrode.  The  discharge  type  of  the  luminous 
part  is  considered  to  correspond  to  negative 
glow."*  At  27  Pa,  the  glow  discharge  proved  to 


(a)  1.3X  lOVa  (b)  1.3X  10¥a  (c)  130Pa 

Id=5.9mA  Id=0.78mA  Id=0.78mA 


Fig.2  Pictures  of  observed  discharge  pattern  in  air  for  different  pressure  with 
the  needle-plane  electrode  configuration  and  the  gap  length  d  =  15  mm 
by  applying  the  positive  dc  voltage. 


(a)  0.39mA  (b)  2.0mA 


diffuse  in  the  form  of  a  plane,  and  went  up  to  3  discharge  in  air  at  270  Pa  for  different  discharge  current  Id. 

the  vicinity  of  the  needle  electrode  edge.  The  other  conditions  were  the  same  as  those  in  Fig.2. 
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To  summarize  the  results,  there  were  two  major  features  in  the 
change  of  the  observed  discharge  type:  i)  As  the  pressure  fell,  the  size  of 
the  negative  glow  floating  above  the  plane  electrode  increased,  the  shape 
was  getting  flat,  and  it  approached  to  the  upper  needle  electrode,  ii)  The 
positive  column  emerged  and  disappeared  again  with  decreasing  the 
pressure. 

On  the  other  hand,  the  discharge  type  was  found  to  change  with 
the  discharge  current  Id.  Figures  3  (a)  and  (b)  depict  pictures  of  discharge 
in  air  at  270  Pa  for  Id  =  0.39  and  2.0  mA,  respectively;  the  other 
conditions  were  the  same  as  those  in  Fig.2.  It  is  evident  from  the  figures 
that  as  Id  increases  from  0.39  to  2.0  mA,  the  negative  glow  above  the 
plane  electrode  begins  to  diffuse  in  the  horizontal  direction  and  the  positive 
column  disappears.  Other  experiments  allowed  us  to  confirm  that  the 
manner  of  the  change  of  the  discharge  type  in  air  with  Id  was  similar  to 
that  observed  at  270  Pa. 


Fig.4  Illustration  of  four  new  shape  parameters 
to  characterize  the  discharge  type  . 


4.  APPLICATION  OF  IMAGE  PROCESSING  TO 
DISCHARGE  TYPE  CLASSIFICATION 


In  order  to  quantitatively  discuss  the  change  of  the  discharge 
shape  obtained  above,  we  introduce  the  image  processing  method. 
Let  us  newly  introduce  4  shape  parameters  to  characterize  the  discharge 
type  as  illustrated  in  Fig.4:  the  area  Sh,  the  flatness  rate  HA^,  the 
location  G  of  center  of  gravity  for  the  luminous  part  and  the  length 
L  of  positive  column,  where  H  and  V  are,  respectively,  the  maximum 
width  and  maximum  height  of  the  luminous  part  parallel  to  and 
perpendicular  to  the  plane  electrode,  and  G  is  the  distance  between 
the  center  of  gravity  and  the  plane  electrode.  Sh  is  the  cross  sectional 
area  of  the  discharge  viewed  from  the  horizontal  direction.  Note  that 
the  three  parameters  Sh,  H/V  and  G  are  concerned  with  the  discharge 
appearing  above  the  plane  electrode. 

Figure  5  shows  the  image  processing  procedure  from  a  given 
original  image  to  a  binary  image.  It  should  be  noticed,  as  seen  in  the 
figure,  that  the  binarization  is  eventually  performed  for  one  of  the 
components  R,  G  and  B.  Firstly,  an  original  image  is  taken  to  the 
image  processing  unit  through  the  video  camera.  After  the  color 
image  get  decomposed  into  R,  G  and  B  components,  the  intensity 
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(1)  Original  image 
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(2)  Green  scale  image 
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j 

(3)  Binary  image 
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Calculation  of  shape  parameter 


Fig. 5  Image  processing  process  from  a  given  original 
image  to  a  binary  image. 
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of  each  component  is  divided  by  3.  Secondly,  the  image  thus  obtained  is  converted  into  one  of  the  three  components  R,  G  and  B, 
and  then  the  intensity  of  one  unmodified  component  and  two  modified  ones  are  summed  up.  In  Fig.5,  R  and  B  components  turns 
into  G  component.  Hence,  an  image  reduced  to  one  component  (a  green  scale  image  in  Fig.5)  is  obtained.  The  next  step  is  the 
binarization  of  the  monotone  image.  One  has  to  determine  a  threshold  level  of  light  intensity  for  the  binarization.  In  the  present 
work,  after  comparing  discharge  shapes  before  and  after  the  binarization,  we  have  taken  70  %  of  the  maximum  intensity  as  the 
critical  one.  The  shape  feature  measurement  for  the  binary  image  allows  the  calculation  of  the  4  shape  parameters  on  discharge 
type. 


Figure  6  shows  the  area  Sh  of  discharge  and  the  flatness  rate  H/V  as  a  function  of  gas  pressure  in  air  for  different  gap 
length  with  the  positive  dc  voltage  application.  Dotted  lines  represent  the  two  threshold  pressures  classifying  the  discharge  type. 
It  is  seen  that  Sh  and  H/V  begin  to  rise  with  decreasing  the  pressure.  Sh  and  HfV  exhibit  the  critical  pressure,  respectively 
around  2000  and  200  Pa,  at  which  there  exists  the  change  in  the  first  order  derivatives  of  Sh  and  HA^  with  respect  to  the 
pressure.  In  other  words,  the  above  results  indicate  that  the  discharge  type  can  be  divided  into  three  categories  with  two 
threshold  pressures  2000  and  200  Pa  under  the  present  experimental  conditions.  It  should  be  also  noted  that  the  two  curves  Sh 
and  IW  vs.  gas  pressure  are  independent  of  the  gap  length. 


Figure  7  shows  the  gas  pressure  dependence  of  the  location  G  of  center  of  gravity  and  the  normalized  length  L/d  of  the 
positive  column  in  air;  the  experimental  conditions  are  the  same  as  given  in  Fig.6.  Note  that  the  length  L  of  the  positive  column 
is  normalized  by  each  gap  length  d.  G  sharply  rises  as  the  pressure  deceases  from  around  200  Pa,  as  HA^  does.  The  result 
implies  that  the  negative  glow  approaches  to  the  needle  electrode  with  a  reduction  of  the  pressure.  G  is  also  independent  of  the 


2.0 


1.5 


1.0 


S 

■5 

c 

'O 

0) 

N 


0.5 


o 


0.0 


Fig.6  Gas  pressure  dependence  of  the  area  Sh  and  the 
flatness  rate  HA^  of  the  luminous  part  of  discharge 
in  air  for  different  gap  length  d  for  positive  dc 
voltage  application. 


Fig.7  Gas  pressure  dependence  of  the  location  G  of 
the  center  of  gravity  and  the  normalized  length 
L/d  of  the  positive  column  in  air. 
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gap  length.  On  the  other  hand,  although  the  length  L/d  of  the  positive  column  changes  with  the  gap  length,  the  pressures  at 
which  the  positive  column  emerges  and  disappears  again  are  almost  the  same  values  for  different  d:  2000  and  200  Pa, 
respectively.  Consequently,  the  image  processing  technique  employed  here  allowed  us  to  successfully  classify  the  discharge  type 
in  air  into  3  regions  in  the  pressure  range  from  1.3  X  10^  Pa  to  27  Pa. 


5.  COMPARISON  OF  DISCHARGE  TYPE 
BETWEEN  AIR  AND  He  GAS  IN  VACUUM 

As  shown  in  Fig. 3,  the  discharge  type  also  varied  with 
the  discharge  current  Id.  Figure  8  shows  the  relationship 
between  Sh  and  Id  for  different  pressures  in  air  and  He  gas 
with  d  =  15  mm.  It  is  obvious  that  Sh  increases  with  a  rise  of 
Id  at  a  constant  gas  pressure  for  both  gases,  and  that  Sh  also 
increases  as  the  pressure  goes  down.  The  image  processing  of 
the  discharge  type  also  revealed  that  HfY  for  both  air  and  He 
gas  exhibited  the  similar  characteristics  with  a  variation  of  the 
gas  pressure  and  Id  as  Sh  did.  It  was  also  found  that  G  was 
almost  independent  of  Id  for  a  given  pressure  for  both  air  and 
He  gas.  As  the  pressure  fell  down,  G  rose,  indicating  that  the 
negative  glow  were  approaching  to  the  needle  electrode. 

It  should  be  noticed  that  the  positive  column  in  He  gas 
did  not  appear  under  the  present  conditions;  this  result 
remarkably  differed  from  that  in  air.  Consequently,  it  has 
been  shown  that  although  the  values  themselves  of  3  shape 
parameters  Sh,  HA^  and  G  are  different  by  one  order  of 
magnitude  between  air  and  He  gas  at  the  same  pressure,  the 
manner  how  the  three  parameters  change  with  Id  and  gas 
pressure  resembles  in  the  two  gases. 

In  addition,  to  discuss  in  more  detail  the  classification 
of  the  discharge  type  observed  in  medium  and  low  vacuum 
under  the  non-uniform  field,  we  will  introduce  another  new 
shape  parameter  Je,  the  effective  current  density.  Let  us  define 
Je  as  expressed  in  eq.(l) 

Je  =  Id/Sv  [mA/mm^]  (1) 


Fig.8  Relationship  between  area  Sh  and  discharge  current 
Id  for  different  gas  pressures  in  air  and  He  gas 
with  gap  length  15  mm  for  applying  the  positive 
dc  voltage. 


Fig.9  Relationship  between  the  effective  current  density 
Je  and  discharge  current  Id  for  different  gas 
pressures  in  air  and  He  gas. 
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where  Sv  =  ;r  (H  /  Tf  ,  is  the  area  of  cross  section  of  the  luminous  part  of  discharge  viewed  from  the  normal  direction.  Figure  9 
shows  the  effective  current  density  Je  as  a  function  of  discharge  current  Id  in  air  and  He  gas  for  different  vacuum  range.  As  seen 
in  the  figure,  Je  is  almost  independent  of  Id  for  a  given  constant  pressure  and  is  nearly  proportional  to  the  pressure.  This 
indicates  that  the  luminous  area  Sv  of  discharges  increases  with  Id.  With  the  obtained  results  considered,  the  discharge  type 
may  lay  in  the  first  stage  glow  or  the  normal  glow  within  the  present  conditions.  It  must  be  very  useful  that  we  get  the 
parameter  equivalent  the  current  density  even  though  it  is  a  non-uniform  field.  Because  of  being  independent  of  Id,  Je  can  be  a 
more  universal  parameter  to  classify  the  discharge  type  in  comparison  with  the  other  preceding  4  parameters.  Hence,  there  is  the 
possibility  that  the  use  of  Je  allows  one  to  predict  the  gas  pressure  from  discharge  shape  in  a  known  gas  or  to  identify  gas 
component  from  a  known  pressure.  Further  investigation  is  necessary  on  the  quantitative  classification  of  discharge  type  in  He 
gas  and  on  the  relationship  between  discharge  mechanisms  and  the  shape  parameters  derived  from  the  image  processing. 

6.  CONCLUSIONS 


An  attempt  was  made  to  quantify  the  pattern  of  discharge  luminous  part  in  vacuum  using  an  image  processing  technique. 
As  an  example,  we  applied  the  image  processing  to  the  classification  of  the  discharge  type  in  low  and  medium  vacuum  for  air 
and  He  gas  under  the  non-uniform  electric  field  by  dc  voltage  application.  In  the  first  place,  we  newly  introduced  4  shape 
parameters  to  characterize  the  discharge  shape:  the  area  Sh,  the  flatness  rate  HA^,  the  location  G  of  the  center  of  gravity  of  the 
discharge  luminous  part,  and  the  length  L  of  the  positive  column.  The  analysis  with  the  image  processing  for  air  revealed  that 
Sh,  H/y  and  G  continuously  increased  as  the  gas  pressure  decreased.  It  was  also  found  that  they  were  almost  the  same  value 
irrespective  of  the  gap  length  5,  15  and  25  mm.  Consequently,  the  discharge  type  was  successfully  classified  into  3  regions  with 
two  boundary  pressures  200  and  2000  Pa  over  the  pressure  range  from  1.3X  loSo  27  Pa.  We  also  introduced  the  effective 
current  density  Je,  which  was  defined  as  a  ratio  of  the  discharge  current  Id  to  the  area  of  cross  section  of  the  luminous  part 
viewed  from  the  vertical  direction.  We  pointed  out  that  Je  can  be  a  more  universal  parameter  to  identify  the  discharge  type  in 
vacuum  for  air  and  He  gas  than  the  preceding  4  parameters. 
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ABSTBACT 

The  paper  presents  the  results  of  investigations  of  electric 
strength  at  AC  voltage  (50  Hz)  of  vacuum  insulation  systems  which  were 
not  subject  of  conditioning.  Plane  electrodes  with  rounded-off  edges  of 
Bogowski's  profile  were  used  in  the  investigations.  The  electrodes, 
having  diameters  of  50  mm,  were  made  of  OFHC  copper.  The  paper  shows 
the  influence  of  fundamental  factors  defining  the  conditions  of  a 
vacuum  insulation  system  on  its  electric  strength,  such  as:  the  value 
of  pressure  (within  the  scope  of  approximately  1  mPa  -  1  Pa)  and  at 
constant  value  pressure  approximately  1  mPa,  the  length  of  vacuum  gap, 
and  the  presence  of  cobalt-molybdenum  alloy  layer  coating  the  surfaces 
of  the  electrodes. 

The  experiments  have  shown  that  breakdown  field  strength  of 
unconditioned  vacuum  insulation  systems  decreases  with  increasing  the 
gap  spacing  between  the  electrodes  and  amounts  to  about  17  kV/mm  for 
systems  with  copper  electrodes  at  the  electrode  gap  length  of  1  mm,  and 
about  9  kV/mm  at  the  gap  space  between  the  electrodes  equal  to  6  mm. 
Cobalt-molybdenum  alloy  coating  electrolytical ly  deposited  on  the 
surface  of  copper  electrodes,  causes  more  than  25/.  increase  of  electric 
strength  of  unconditioned  vacuum  insulation  systems. 

1.  IHTBODUCTIOH 

In  literature  there  is  little  information  on  the  electric  strength, 
at  AC  voltage,  of  vacuum  insulation  systems  which  haye  not  undergone 
the  process  of  conditioning.  In  the  course  of  time  the  electric 
strength  of  a  conditioned  vacuum  insulation  system  left  in  the  dead 
voltage  condition  decreases  frequently  to  the  level  preceding  the 
conditioning.  Therefore,  the  knowledge  of  this  level  is  of  basic 
significance  in  designing  devices  with  vacuum  insulation. 

Since  elements  conducting  large  currents  for  high  voltage  apparatus 
are  usually  made  of  copper,  it  was  decided  that  the  aim  of  the  present 
paper  will  be  to  study  the  electric  strength  of  unconditioned  vacuum 
insulation  systems  with  copper  electrodes.  Electric  strength  of  vaccum 
insulation  systems  to  a  large  degree  depends  on  many  factors 
determining  the  conditions  of  electrode  surface  of  the  systems.  Surface 
Impurities,  including  oxides,  can  deteriorate  considerably  electric 
strength*.  An  oxide  layer,  visible  even  with  the  naked  eye,  on  the 
copper  electrode  surface  appears  already  a  few  minutes  after  polishing. 
Also  the  presence  of  microprotrusions  of  the  height  exceeding  lum 
causes  lowering  the  electric  strength  of  the  vaccum  insulation  systemZ. 
This  electrode  surfaces  must  be  mirror-like  polished.  Such  a  surface  is 
little  resistant  against  mechanical  damages  during  mounting. 

The  mentioned  above  reasons  made  the  authors  look  for  coatings, 
which  after  depositing  on  electrode  surfaces  will  protect  these 
surfaces  against  oxidation  will  atmospheric  oxigen.  Increase  the 
resistance  of  these  surfaces  against  mechanical  damages.  They  are 
expected  to  increase  the  electric  strength  of  the  vacuum  insulation 
system.  This  article  presents  study  results  of  a  cobalt-molybdenum 
alloy  coating  influence  on  electric  strength  of  vacuum  insulation 
system. 
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The  average 
obtained  by  inde 
pairs  electrodes. 


The  coba 1 t -molybdenum  alloy  layer  coating  on  the  electropol ished 
electrodes  was  obtaind  in  a  bath  containing  Na2Mq^,'8H20  -  20  g/1, 
CoSOa-THsO  -  60  g/1,  citric  acid  -  40  g/1,  and  sodium  citrate  -  50  g/1. 
The  bath  temperature  was  45°C,  pH  4.0,  and  the  cathode  current  density 
equalled  to  2.5  A/dm2.  The  process  of  electroplating  lasted  20  min.  The 
alloy  (45/.  Co,  55/.  Ho)  layer  obtained  in  such  a  way  was  about  1  urn 
thick.  The  following  basic  procedure  was  used  in  the  present  studies. 
After  mounting  the  investigated  electrodes  in  a  vacuum  chamber,  the 
latter  was  pumped  off  to  a  pressure  of  2  mPa.  At  the  electrode  gap 
spacing  equal  to  1  mm,  the  breakdown  voltage  was  measured  once, 
increasing  the  voltage  at  the  rate  of  about  3  kV/s.  Then,  the  distance 
between  the  electrodes  was  enlarged  by  1  mm  and  the  breakdown  voltage 
was  measured  once  again,  increasing  the  voltage  at  the  above  rate.  This 
procedure  was  repeated  and  the  distance  between  the  electrodes  was 
increased  by  1  mm  until  it  reached  6  mm.  In  a  similar  way,  measurements 
were  made  at  other  values  of  pressure,  each  time  pressure  being 
increased  by  half  order  of  magnitude.  The  mesurements  were  finished  at 
the  pressure  of  0. 2  Pa,  since  further  Increase  of  pressure  caused  a 
very  rapid  reduction  of  electric  strength  in  the  investigated  vacuum 
insulation  systems. 


3.  RESULTS  AND  CONCLUSIONS 

Investigations  on  the  Influence  of  cobalt-molybdenum  alloy  coating 
one  copper  electode  surfaces  upon  breakdown  voltage  in  vacuum 
Insulation  system  are  illustrated  by  Fig.  1.  This  figure  presents 
average  breakdown  voltage  in  vacuum  insulated  systems  with  various  gap 
spacings  (d)  between  electropol ished  electrodes  and  cobalt-molybdenum 
alloy  plated  electrodes  as  a  function  of  pressure.  Measuremens  of 
average  breakdown  voltages  in  the  investigated  insulation  systems  at 
the  pressure  of  2  mPa  (previously  partially  shown  in  Fig.  1),  admitted 
as  the  electric  strengths  of  unconditioned  vacuum  insulation  systems, 
are  presented  as  a  function  of  gap  lengths  between  the  electrodes  in 
Fig.  2.  The  error  bars  represent  the  standard  deviation  of  the  mean, 
n=5.  Fig.  2  shows  that  covering  electrode  surfaces  of  vacuum  insulation 
systems  with  cobalt-molybdenum  alloy  coatings  causes  more  than  25/ 
increase  in  electric  strength. 

The  following  conclusions  result  from  our  investigations: 
Cobalt-molybdenum  alloy  coating  about  1  ^m  thick,  electrolytical ly 
deposited  on  the  surface  of  copper  electrodes,  causes  more  than  25/ 
increase  of  electric  strength  of  unconditioned  vacuum  Insulation 
systems.  This  is  almost  10/  more  than  we  obtained  covering  copper 
electrode  surfaces  of  the  vacuum  insulating  system  with  a  nickel 
layer3,  but  it  is  about  10/  less  than  for  covering  the  electrode 
surfaces  with  a  cobalt-tungsten  alloy  layer^.  An  additional  effect 
resulting  from  cobalt-molybdenum  alloy  coating  on  copper  electrodes  is 
a  growth  of  surface  resistance  of  the  electrode  to  mechanical  damage. 
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ABSTRACT 

In  this  contribution  we  discuss  a  number  of  practical  implications  from  recent  studies  on  high-voltage  design  concepts  used  in 
microwave  tube  technology.  We  show  how  the  insights  gained  can  be  used  in  the  design  of  for  example  insulators  and  cables, 
and  how  conditioning  procedures  and  operating  conditions  (operating  pressure,  insulator  charging)  should  be  reflected  in  the 
design. 


INTRODUCTION 

For  many  vacuum  devices  such  as  electron  tubes  the  high-voltage  design  is  critical^  Apart  from  the  inside  of  vacuum  devices, 
vacuum  insulation  is  important  in  spacecraft  where  equipment  is  being  used  in  the  space  environment.  An  additional  problem 
then  is  the  variation  of  the  pressure:  the  satellite  vacuum  is  deteriorated  by  outgassing,  and  atmospheric  pressure  is  used  during 
pre-launch  tests.  We  have  previously  reported  on  DC  surface  flashover  mechanisms,  and  presented  some  implications  of  this 
work  to  the  design  and  conditioning  of  HV-insulators  in  vacuum^’^’'*.  In  this  contribution  we  want  to  discuss  a  number  of 
practical  implications  from  recent  studies  on  high-voltage  design  concepts  used  in  microwave  tube  technology. 


VACUUM  DC-FLASHOVER  MECHANISM 


Primary  electron  emission 

In  an  earlier  study  on  insulators  in  vacuum  it  was  found  that  the  breakdown  voltage  strongly  depends  on  the  insulator  shape, 
and  in  particular  on  the  cathode  triple  junction  field^.  This  is  due  to  primary  electron  emission.  Insulators  with  a  high  cathode 
field  have  a  lower  breakdown  voltage,  but  still  perform  rather  well  if  stepped  shapes  are  used  to  trap  negative  charge  and  thereby 
reduce  the  cathode  field.  If  we  plot  the  minimum  breakdown  voltage  observed  for  different  geometries  versus  the  logarithm  of 
the  triple  junction  field'’,  we  observe  a  clear  trend  indicating  the  vital  importance  of  the  cathode  triple  junction  field  (see  Fig.l). 
We  also  observe  a  significant  scatter,  which  indicates  that  other  mechanisms  must  be  considered  as  well. 

Surface  charging 

Next  to  primary  electron  emission,  surface  charging  was  found  to  be  a  key  mechanism  in  both  the  breakdown  and  in  the 
conditioning  process^.  It  was  shown  that  the  breakdown  voltage  gain  of  insulators  obtained  by  conditioning  with  a  number  of 
breakdowns  with  limited  energy,  is  partly  due  to  surface  charging,  and  may  be  lost  when  the  surface  charge  is  removed  by  a 
low  pressure  nitrogen  discharge  (see  the  breakdown  voltage  evolution  in  Fig.2). 

Electron  impact 

It  was  found  that  electrons  impinging  on  the  insulator  surface  have  a  detrimental  effect  on  the  breakdown  voltage  except  when 
they  are  safely  trapped.  A  field  distribution  by  which  electrons  are  drawn  back  to  the  surface,  either  by  the  chosen  shape  or  by 
positive  surface  charge,  causes  a  strong  reduction  of  the  breakdown  voltage  due  to  electron  multiplication  or  due  to  desorption 
of  gases'’. 

Implications  for  breakdown  and  conditioning 

Insulating  geometries  can  be  characterized  by  quantities  such  as  the  initial  and  final  breakdown  values,  conditioning  speed  and 
stability.  In  order  to  design  an  insulator  it  should  be  known  whether  and  how  it  will  be  conditioned  (for  example  with  or  without 
conditioning  breakdowns),  and  whether  or  not  it  will  be  switched  off  for  long  periods  of  time  (charge  leakage)  or  exposed  to 
whatever  gas  (discharging).  If  conditioning  breakdowns  are  applied,  the  design  should  be  such  that  the  breakdown  energy  is  high 
enough  to  be  effective  but  not  so  high  that  damage  may  occur. 
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FigJ  Minimum  breakdown  voltage  versus 
the  logarithm  of  the  electric  field 
amplitude  close  to  the  triple  junction. 
The  shapes  involved  are  indicated 
(negative  electrode  on  left  hand  side). 
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BREAKDOWN  NUMBER 
Fig. 2  Example  of  measured  breakdown  voltage  evolu¬ 
tion,  After  67  breakdowns  the  surface  charge  is 
removed  with  a  low  pressure  nitrogen  discharge. 


INSULATOR  DESIGN 


Insulators  between  parallel  electrodes 

A  number  of  different  electrode  shapes  have  been  tested  between  parallel  electrodes^’^.  All  insulator  samples  are  machined  out 
of  circular  Alumina  (Wesgo  ALSOO)  disks  of  40  mm  diameter  and  5  mm  thickness,  metallized  on  top  and  bottom  side  with 
MoMn  and  Ni,  and  gold  plated.  The  samples  are  subjected  to  test-series  as  shown  in  Figure  2,  The  results  are  shown  in  Table 
1.  A  first  design  rule  for  insulators  is  to  reduce  the  cathode  field  by  enhancing  the  anode  field.  The  cathode  triple  junction  field 
may  further  be  reduced  by  trapping  the  emitted  electrons.  This  can  be  achieved  by  using  stepped  shapes,  by  using  a  small  angle 
between  insulator  and  electrode,  or  with  cathode  recesses^.  With  such  traps  the  unconditioned  breakdown  voltage  may  increase 
drastically,  provided  that  the  electron/insulator  interaction  is  not  enhanced.  A  cathode  recess  (as  in  Fig.3A)  does  not  improve 
the  conditioned  breakdown  voltage,  but  it  tends  to  make  conditioning  unnecessary. 

Insulators  for  other  than  parallel  electrodes 

With  the  insights  gained,  insulators  for  different  electrode  geometries  have  been  optimized.  Some  examples  are  shown  in  Figure 
3.  The  optimized  shape  for  parallel  electrodes  was  discussed  above  (A).  For  most  cylindrical  insulators  the  distance  between 
electrodes  is  large,  and  the  cathode  field  is  not  effectively  reduced  by  enhancing  the  anode  field.  Because  of  this  distance, 
however,  the  situation  is  not  critical,  and  it  is  sufficient  to  shield  triple  junctions  (B).  Example  C  shows  a  recommended  design 
for  insulating  concentric  conductors.  The  rod-type  spacers  often  used  for  easy  alignment  can  only  be  applied  safely  at  low 
voltages:  the  breakdown  voltage  and  the  conditioning  speed  is  low,  and  the  conditioning  effect  is  not  stable.  Two  examples  of 
feedthrough  optimization  are  shown  (D).  The  feedthroughs  have  one  side  in  the  tube  vacuum,  and  the  other  side  in  vacuum 
(satellite)  or  in  air  (terrestrial).  Inside  the  tube  the  cathode  field  is  kept  low  by  choosing  a  large  conductor  radius  and 
conductor/insulator  separation  (right),  or  by  shaping  the  insulator  and  shielding  the  triple  junction  (left).  The  inside  of  the 
insulator  tube  may  be  metalized  but  for  DC  the  same  effect  is  achieved  by  charging  processes.  A  cathode  recess  could  be  used 
as  in  (A).  Inside  the  tube  the  anode  field  is  not  harmful.  Outside,  different  pressures  may  occur,  and  the  field  is  controlled  at 
both  cathode  and  anode  side. 


CONDITIONING 

Earlier,  we  have  reported  on  different  conditioning  sequences,  and  found  that  conditioning  is  most  effective  at  voltages  close 
to  the  breakdown  voltage^.  The  conditioning  technique  used  should  be  reflected  in  the  design.  If  breakdowns  are  applied  in  the 
conditioning  process  one  should  choose  geometries  with  a  high  conditioning  speed  and  stable  performance.  The  breakdown 
energy  should  be  high  enough  to  be  effective  but  low  enough  to  avoid  damage.  Values  of  about  10-30  mJ  were  found  to  be  safe 
and  effective.  If  no  conditioning  breakdowns  are  applied,  one  should  choose  a  geometry  that  effectively  traps  charge  to  reduce 
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the  cathode  field  ("silent"  conditioning).  For  components  which  may  be  switched  off  for  long  periods  of  time  or  which  may  be 
exposed  to  gases,  stability  is  of  major  concern.  Such  designs  should  not  rely  on  surface  charging  to  attain  a  high  breakdown 
voltage. 


Table  1. 

Results  of  breakdown  evolution  experiments.  The  averaged  breakdown  field  is  defined  as  the  breakdown  voltage 
over  electrode  distance  (5  mm).  All  values  are  averaged  over  two  samples.  Before  charge  removal  samples  are 
conditioned  up  to  12  kV/mm.  Maximum  breakdown  field  is  an  average  over  5  consecutive  breakdowns. 


Sample 

Averaged 
breakdown 
field  (kV/mm) 
MINIMUM 

Averaged 
breakdown 
field  IkV/mm) 
CHARGE 
REMOVED 

Number  of 
breakdowns 
to  reach 

1 0  kV/mm 

Averaged 
breakdown 
field  (kV/mm) 
MAXIMUM 

e 

—p 

10.2 

11.3 

0 

19.5 

- 1 

9.0 

12.0 

1 

16.0 

8.1 

10.7 

8 

18.3 

Z7 

7.4 

12.0 

5 

20.0 

:> 

7.1 

9.3 

36 

16.1 

3= 

7.0 

11.8 

24 

14.3 

Zi 

6.7 

11.3 

45 

11.4 

I> 

6.2 

7.0 

40 

12.2 

— 1 

5.3 

12.0 

78 

16.1 

5.1 

9.3 

61 

13.4 

ZB 

5.0 

9.0 

188 

12.9 

ZZi 

V 

4.0 

5.4 

25 

14.1 

— V 

3.8 

5.2 

109 

13.0 

_ X 

® 

2.7 

3.5 

71 

15.4 

BREAKDOWN  IN  VACUUM  AND  IN  AIR 

Spacecraft  components  designed  to  operate  in  vacuum  are  sometimes  exposed  to  air  (prelaunch  tests)  or  to  deteriorated  vacuum 
(outgassing).  Equipment  designed  for  terrestrial  use,  such  as  high-voltage  cables,  may  be  incorporated  in  space  hardware. 
Further,  design  rules  for  air  operation  (creepage  distance)  are  sometimes  applied  to  vacuum  insulation  and  vice  versa,  although 
the  breakdown  mechanisms  in  vacuum  and  air  are  very  different.  In  air,  charge  carriers  are  produced  in  an  avalanche  of  a  certain 
macroscopic  distance^.  Microscopic  field  enhancements  are  not  very  important.  Long  creepage  distances  are  used  to  reduce  the 
electric  field  parallel  to  (contaminated)  insulators.  The  breakdovm  voltage  obeys  Paschen’s  law  above  0.01  Torr.cm.  In  at¬ 
mospheric  air  we  can  formulate  a  critical  field  strength  above  which  partial  discharges  occur  (30  kV/cm).  Depending  on  the  field 
distribution  this  discharge  may  develop  into  a  streamer,  and  initiate  breakdown.  In  vacuum,  breakdown  is  initiated  by  electron 
emission  from  microscopic  protrusions  or  imperfections  at  the  negative  electrode^.  Secondary  emission  is  caused  by  energetic 
electrons  impinging  on  the  insulator  surface.  The  field  components  perpendicular  and  parallel  to  the  insulator  surface  both 
contribute  to  the  collision  energy.  Secondary  electrons  produced  are  harmful  if  they  hit  the  surface  again  with  increased  energy. 
The  creepage  distance  argument  is  not  a  valid  design  principle  in  vacuum.  As  a  result  of  the  different  and  sometimes  conflicting 
design  requirements  for  air  and  vacuum,  equipment  that  operates  safely  in  vacuum  may  fail  in  air  (and  vice  versa).  Tests  in  air 
are  not  representative  for  operation  in  vacuum  (and  vice  versa),  and  may  damage  the  equipment.  Further,  evaluation  of  the 
performance  of  vacuum  equipment  requires  knowledge  of  the  actual  pressure.  The  most  critical  situation  is  a  pressure  cycle 
through  the  Paschen  minimum  with  the  voltage  applied. 
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Fig.3  Examples  of  optimized  insulator  designs, 

HIGH-VOLTAGE  CABLES  IN  VACUUM 

Multi-wire  high-voltage  cables,  such  as  used  in  spacecraft,  usually  contain  a  number  of  wires  made  of  tapewound  and  sintered 
dielectrics.  The  electric  field  in  between  insulated  wires  may  be  considerable.  From  a  vacuum  point  of  view  a  high-voltage  cable 
is  a  poorly  vented  component.  This  makes  the  inside  pressure  uncontrolled.  The  combination  of  high  fields  and  uncontrolled 
pressure  may  result  in  partial  discharge  activity,  and  finally  in  cable  damage.  The  partial  discharge  activity  may  be  eliminated 
by  surrounding  each  insulated  wire  with  a  (semi-)conductive  layer,  and  by  using  extruded,  rather  than  tapewound  and  sintered, 
dielectrics.  Such  techniques  are  since  long  common  practice  in  high-voltage  cables  for  power  distribution. 

POTTED  DESIGNS 

Potting  is  often  used  in  vacuum  applications  for  mechanical  support  or  to  improve  the  high-voltage  behavior.  Properly  applied 
pottings  give  reasonable  results.  This  requires  that  the  surfaces  are  clean  before  potting,  and  that  the  potting  is  applied  under 
vacuum  and  is  allowed  to  outgas.  Improper  potting  causes  partial  discharge  activity  in  voids  at  the  interfaces  or  in  the  bulk 
material.  Potting  of  flexible  components  (cables)  may  cause  voids  and  partial  discharge  activity.  Potting  may  further  prevent 
the  outgassing  of  the  potted  component  which  makes  the  inside  pressure  uncontrolled.  A  well-designed  high-voltage  component 
does  not  require  potting  for  its  high-voltage  withstand  capability. 
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Electrical  insulation  problem  in  quasi-stationary 
high-~current  relativistic  E-beam  injectors 
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All-Russian  Electrotechnical  Institute,  Moscow, Russia 


This  report  deals  with  electrical  insulation  investigation  of  quasi-stationary 
high-current  relativistic  E-beam  (REB)  injectors  (electron  energy  up  to  400  keV, 
current  up  to  250  A,  and  pulse  lengths  of  250  racsec).  They  were  accomplished  during 
REB  injectors  development  and  exploitation  including  regime  of  REB  releasing  into 
atmosphere. 

The  development  quasi-stationary  REB  injectors  widens  (in  comparison  with 
nanoseconds  technique)  both  REB  physics  research  field,  and  perspectives  of  their 
practical  using  in  next  trends:  REB  energy  transport,  REB  technology,  plasma 
chemistry,  beam-plasma  microwave  electronics , radiation  technology.  3  types  of  REB 
injectors  had  been  examined:  2  injectors  with  one-gap  (diode-type)  acceleration 
(with  spherical  cathode,  and  also  with  ring  cathode  and  electrostatic  compressor) 
and  multi-jet  three-electrodes  injector . ^ , 3  Large-dimension  thermionic  cathode 
was  used  in  diode  type  injectors  proceeding  from  limitation  of  accelerating  gap 
electric  strength  and  due  to  emission  current  density  limitation.  In  its  turn  that 
demanded  development  of  electron-optical  system  (EOS)  with  substantial  linear 
compression  of  E-beams  (^10-20). 

Quasi-Pierce-type  EOS  injector  with  15  cra-diam.  spherical  cathode  generates 
1  cm-diam,  REB  with  120  A  current,  350  keV  electron  energy  and  250  mcsec  pulse 
length  (see  Table  and  Fig.  1).  The  accelerating  voltage  up  to  400  kV  increasing 
(probably  it’s  the  limit  for  similar  diode  systems)  led  to  pulse  length  reduction 
down  to  50  mcsec  due  to  breakdowns . 

This  system  was  examined  in  regime  of  bipolar  diode  with  plasma  anode  for 
increasing  E-beam  current.^  Inflow  of  working  gas  Ar  in  gas-discharge  source  and 
presence  of  plasma  with  density  5*10^2  cm~^  in  anode  area  did  not  lead  to  breakdown 
of  gap  at  accelerating  voltage  up  to  300  kV. 

REB  propagation  in  a  medium  with  increased  gas  pressure  until  the  release 
into  atmosphere  through  differential  pumping  out  system  has  been  examined.  This 
system  consists  of  three  pumped  out  chambers  divided  by  1,5  cm-diam.  aperture 
diaphragms  and  pulse  gate  with  operation  time  of  several  msec.  This  hard  working 
regime  provided  also  creature  of  a  300  keV  non-vacuum  REB  without  breakdown 
accelerating  gap. 

In  Fig.  2  EOS  of  REB  injector  with  40  cm-diam.  ring  cathode  and  electrostatic 
compressor  is  presented.  Experimental  setup  with  high  voltage  input  is  shown  in 
Fig.  3.  Unfortunately  investigations  showed  E-beam  instability  displayed  in  ring 
beam  destruction  into  separate  cords  at  the  compressor  area  ("compressive 
instability" ) ,  2 

Multi-jet  three  electrodes  injector  operates  at  raiser  emission  current 
density  and  it  has  smaller  cathode  dimension.  The  experiments  were  carried  out  with 
7,5  cm-diam.  cathode  base  (kern),  in  which  24  LaBe  0,8  cm-diam.  tablets  were  fixed 
(Fig.  4). 
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Main  parameters  of  REB  injectors  are  presented  in  the  table.  The  balanced 
state  radius  transported  REB  is  equal  about  0,5-0,75  cm. 

Table.  Main  parameters  of  quasi-stationary  REB  Injectors 
(pulse  length  250  mcsec) 


Injector 

type 

Voltage 

kV 

Current 

A 

Beam 

diameter 

cm 

Current 

density 

A/cm^ 

Power 

MW 

Power 

density 

W/cm^ 

Note 

Diode  type  EOS 
with  15  cm-diam. 
spherical  cathode 

350 

120 

1 

150 

40 

5- 107 

EOS  with  40  cm-diam. 
ring  cathode  and 
electrostatic  com¬ 
pressor 

270 

220 

- 

- 

60 

- 

compres¬ 
sive  in¬ 
stability 

Multi-jet  triode 
type  EOS  with  7,5 
cm-diam.  spherical 
cathode 

1 

300 

200 

1,5  ■ 

113 

60 

3,4-107 
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Fig.  1.  EOS  of  Quasi-Pierce-type  injector. 

*  Trace  of  breakdown  on  focusing  cathode  electrode. 


Fig.  2.  EOS  of  injector  with  ring  cathode  and  electrostatic  compressor. 
1  -  ring  cathode;  2  -  focusing  cathode  electrode; 

3,4  -  external  and  internal  electrodes  of  compressor. 

Cathode  potential 

4>i=-270  kV;  (p3=0;  (P4=0,l-(pi. 
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Fig.  3.  Photograph  of  ring  cathode 
injector  removable  part. 


Fig.  4.  Photograph  of  the  cathode  with 
24  LaBe  emitters  installed  in  • 
graphite  base. 
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ABSTRACT 


The  paper  presents  the  experimental  results  on  generating  and  transforming  the  ribbon  (3.5xl30cm)  beam  with 
the  electron  energy  IMeV,  beam  current  70kA  and  pulse  duration  8  jjis.  The  70%  efficiency  of  the  energy  transfer 
from  a  capacitor  storage  to  the  ribbon  beam  has  been  achieved.  The  close  value  of  the  efficiency  has  been  obtained 
for  transforming  the  ribbon  beam  to  the  compressed  circular  one  at  the  optimal  conditions.  According  to  the 
measurements  the  angular  spread  of  the  compressed  beam  is  less  than  10^. 

1.  INTRODUCTION 


Microsecond  electron  beams  with  a  ribbon  cross  section  should  give  possibility  to  achieve  a  total  beam  energy 
content  about  1  MJ  that  is  necessary  for  the  plasma  heating  experiments  on  the  nuclear  fusion  program^  Besides  that 
the  ribbon  beams  may  be  used  for  generation  of  a  microwave  power  at  the  wavelength  about  of  some  millimeters  or 
even  less^  because  of  these  beams  may  have  a  small  angular  spread  at  a  large  current  per  1  cm  of  their  width.  Mo  t  i  va  ted 
by  these  applications  we  carry  out  experimental  studies  on  the  generation  and  transformation  of  the  ribbon  electron 
beams  at  the  U-2  device. 


2.  EXPERIMENTAL  SETUP 


A  schematic  diagram  of  the  experiments  on  the  U-2  device  is  shown  in  Fig.l.  This  machine  is  operated  by  the 
following  way.  One  megavolt  pulse  is  applied  to  a  fibrous  graphite  cathode  (1)  with  4.5x140  cm  emission  surface. 
Emitted  electrons  are  accelerated  in  the  magnetically  insulated  diode,  pass  through  the  anode  slit  (2)  and  then  they 
are  transported  through  a  slit  vacuum  channel  (3)  with  guiding  magnetic  field  as  a  high  current  electron  beam  (7) 
with  cross  section  3.5x130  cm.  The  slit  channel  has  a  length  Im  and  inner  dimensions  6x145  cm.  After  passing  through 
the  slit  channel  the  ribbon  beam  enters  into  the  transforming  unit  (4)  intended  for  the  transformation  of  the  beam 
cross  section.  Due  to  geometry  of  the  magnetic  field  lines  in  this  unit  the  large  dimension  of  the  ribbon  cross  scclion 
is  diminished  and  the  small  one  is  increased.  After  such  kind  of  the  cross  section  transformation  the  electron  beam 
enters  into  the  compression  system  (5).  This  system  creates  a  region  of  a  strong  magnetic  field  where  the  beam  cross 
section  should  be  compressed  in  10-20  times.  The  compressed  beam  is  absorbed  by  the  graphite  collector-calorimelcr 
(6)  and  the  total  energy  of  the  beam  is  measured  there. 

First  of  all  we  should  say  that  our  experiments  have  shown^  the  form  and  dimensions  of  the  beam  cross  sections  at 
various  points  on  the  beam  way  are  close  to  the  ones  expected  in  accordance  with  the  computer  calculations.  These 
cross  sections  are  drawn  in  Fig.l.  The  initial  ribbon  cross  section  with  dimensions  3.5x130  cm  in  the  slit  channel  at 
0.35  T  magnetic  field  is  transformed  to  the  13,5x23  cm  cross  section  at  the  exit  of  the  transforming  unit  and  then  it 
has  become  close  to  an  ellipse  with  the  dimensions  6x9  cm  at  the  magnetic  field  4  T  in  the  compression  system.  By 
switching  on  a  current  in  a  special  coils  intended  for  correction  of  the  beam  cross  section  transforming  we  may  achieve 
conditions  at  which  the  compressed  beam  cross  section  becomes  close  to  a  circle. 

3.  BEAM  TRANSFORMING  AT  CHARGE  NEUTRALIZATION  BY  GAS  PUFFING 


The  first  experiments  on  transforming  and  compressing  the  ribbon  electron  beam  were  carried  out  when  the  space 
charge  of  the  compressed  beam  was  neutralized  by  the  beam  electrons  ionization  of  a  residual  gas.  At  the  residual  gas 
pressure  Pres^7xl0"^  Torr  when  the  possibility  of  the  breakdown  of  the  accelerating  gap  was  still  small  during  Ihe 
beam  pulse  (lOjjus) ,  the  efficiency  of  the  energy  transfer  from  a  capacitor  storage  to  the  compressed  beam  was  obtained 
only  about  38%  because  of  the  neutralization  of  the  beam  space  charge  was  not  enough.  On  this  reason  the  next 
experiments  have  been  done  at  the  conditions  when  the  continuous  gas  puffing  into  the  region  of  the  beam  compression 
is  realized.  This  gas  puffing  should  remain  a  low  (about  5x10"^  Torr)  pressure  in  the  accelerator  diode  gap.  According 
to  Ihis  limit  we  have  possibility  to  increase  the  gas  pressure  in  the  compression  system  up  to  2x10’^  Torr,  nol  more. 
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Fig.l.  Schematic  diagram  of  the  ribbon  beam  transforming.  1  -  cathode,  2 -anode  slit,  3  -  slit  vacuum  channel, 
4  -  transforming  unit,  5  -  compression  system,  6  -  collector,  7  -  ribbon  electron  beam. 


As  a  result  at  the  continuous  gas  puffing  the  efficiency  of  the  energy  transfer  from  the  capacitor  storage  to  (he 
compressed  beam  has  been  increased  only  up  to  45%  ^  but  not  so  essentially  as  we  want. 

The  further  increase  of  the  efficiency  was  expected  at  the  additional  increase  of  the  gas  pressure  in  the  vacuum 
chamber  where  the  beam  compression  was  realized.  According  to  this  conception  we  have  carried  out  the  experimcnls 
on  searching  for  the  necessary  kind  of  a  gas,  its  pressure  and  the  optimal  time  delay  between  the  pulse  gas  puffing 
and  the  beginning  of  the  beam  generation.  At  first  we  have  investigated  how  the  gas  pressure  in  the  vacuum  chamber 
where  the  beam  compression  occurs,  depends  on  the  time  delay  from  the  opening  of  the  gas  puff  at  various  gas  pressu  re 
in  the  puffing  system.  It  has  been  obtained  that  at  the  pressure  ~5atm  in  the  gas  puff  the  pressure  in  the  beam 
compression  system  practically  linear  grows  from  5x10"'*  Torr  up  to  5x10'^  Torr  at  the  increase  of  the  time  delay  fi  om 
0  to  5ms.  Hence  by  choosing  the  time  delay  of  the  beam  generation  from  the  start  of  the  gas  puffing  we  could  vary  the 
pressure  in  the  vacuum  chamber  where  the  beam  is  compressed. 

Fig.2  demonstrates  a  set  of  signals  registered  in  one  of  the  typical  shots  at  the  optimal  conditions  (the  pressure  of 
the  air  in  the  puffing  system  ~5atm,  time  delay  1.2ms  and  as  a  result  the  pressure  in  the  vacuum  chamber  10"^  Torr). 
In  this  shot  more  than  the  half  of  the  530  kJ  energy  stored  in  a  high  voltage  generator  has  been  transferred  into  the 
compressed  beam.  So  the  54%  efficiency  has  been  reached  at  the  energy  content  of  the  compressed  beam  close  to  300 
kJ.  At  the  increase  of  the  time  delay  from  1.2  ms  up  to  1.5  ms  we  have  observed  the  decrease  of  the  energy  of  the 
compressed  beam  in  the  experiments,  which  is  connected  with  the  breakdown  of  the  accelerator  diode  gap  in  time 
shorter  than  5|jis.  This  breakdown  has  been  caused  by  the  increase  of  the  gas  pressure  in  the  diode  gap.  If  the  time 
delay  is  decreased  down  to  1  ms  the  gas  pressure  in  the  region  of  the  beam  compression  becomes  insufficient  for  the 
space  charge  neutralization  of  the  beam  during  the  first  two  microseconds.  The  using  for  the  pulse  puffing  the  gases 
with  a  low  atomic  weight  is  turned  out  unacceptable  because  of  the  breakdown  of  the  diode  in  a  few  microseconds  in 
this  case. 

For  analyzing  the  efficiency  of  the  energy  transfer  the  total  energies  in  the  beam  pulse  after  passing  through  the 
various  parts  of  the  U-2  accelerator  have  been  compared.  This  comparison  is  shown  in  the  Fig.3.  The  total  energy 
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Fig.2,  Set  of  signals  characterizing  the  generation 
and  transformation  of  the  ribbon  electron  beam.  Ud 
“  diode  voltage,  Iv  -  current  flowing  from  the  pulse 
generator  to  the  diode  chamber,  Id  -  diode  current,  Ic 
-  current  of  the  compressed  beam. 


Fig.3.  Total  energy  in  the  pulse  passing  through  the 
various  parts  of  the  U-2  accelerator.  Qpg  -  energy  in  the 
capacitor  storage,  Qv  -  energy  transferred  from  the 
capacitor  storage  to  the  diode  chamber,  Qd  -  energy  of 
the  ribbon  beam  in  the  diode,  Qc  -  energy  of  the  circular 
compressed  beam. 


passing  through  the  various  parts  of  the  accelerator  as  a  function  of  a  squared  voltage  on  capacitor  banks  of  the  storage 
is  shown  there.  The  shaded  region  is  the  energy  in  the  storage,  points  -  energy  transferred  from  the  storage  to  the 
vacuum  chamber,  crosses  -  the  energy  of  the  electron  beam  which  reached  the  anode  of  the  diode  and  squares  -  the 
energy  of  the  beam  after  its  compression.  The  straight  lines  in  Fig.3  have  been  drawn  on  the  experimental  data 
according  to  the  least  squares  method.  From  the  Fig.3  one  can  conclude  that  in  a  wide  range  of  the  capacitor  voltage 
the  efficiency  of  the  energy  transfer  from  the  capacitor  storage  to  the  ribbon  electron  beam  in  the  diode  is  about  of 
70%  and  from  the  storage  to  the  compressed  circular  beam  it  is  closed  to  50% . 


4.  MEASUREMENTS  OF  THE  BEAM  ANGULAR  SPREAD 


To  measure  the  angular  spread  of  the  electron  beam  after  the  transformation  and  compression  the  collector- 
calorimeter  at  the  exit  of  the  compression  system  has  been  replaced  by  a  detector  of  the  angular  spread"^.  Besides  that 
an  additional  magnetic  system  has  been  constructed  for  the  creation  of  the  region  of  a  homogeneous  magnetic  field 
on  the  detector  axis.  Almost  all  the  electron  beam  outgoing  from  the  compression  system,  is  absorbed  by  a  graphite 
plate  and  only  8mm  diameter  cylindrical  flow  of  the  electrons  passes  through  a  hole  in  the  plate.  This  cylindrical  flow 
is  expanded  at  its  motion  in  the  decreasing  magnetic  field  which  has  the  value  0.6T  at  its  homogeneous  part  in  the 
angular  spread  detector.  This  detector  looks  like  the  graphite  tube  with  the  inner  diameter  6mm.  This  tube  is  cut  into 
four  rings  insulated  each  from  other.  The  lengths  of  the  rings  are  1cm,  1cm,  2cm  and  2  cm.  During  the  flow  passing 
through  these  rings  some  portion  of  the  flow  electrons  is  absorbed  by  the  inner  wall  of  the  rings.  The  rest  of  the 
electrons  goes  out  from  the  tube  and  comes  to  a  graphite  collector  placed  at  the  tube  exit.  For  obtaining  the  angular 
spread  of  the  beam  electrons  the  currents  of  the  electrons  absorbed  by  the  rings  have  to  be  compared  with  the  resulls 
of  computer  calculations.  The  computer  calculated  electron  current  distribution  along  the  axis  of  the  tube  for  Ihe 
various  values  of  the  angular  spread  are  shown  by  the  solid  lines  in  the  Fig.4.  Crosses  and  circles  in  this  figure  arc  the 
results  of  the  experimental  measurements  for  two  moments  of  the  time  2pjs  and  4|is  after  the  beginning  of  the  beam 
generation.  From  the  comparison  of  the  experimental  points  with  theoretical  cu^es  one  can  conclude  that  the  angular 
spread  of  the  beam  electrons  in  the  nlace  where  detector  is  located,  is  about  2-3^.  The  error  of  the  obtaining  this  value 
of  the  angular  spread  is  less  than  1^.  The  value  of  the  angular  spread  in  the  detector  placement  permits  us  to  estimate 
the  spread  of  the  compressed  beam  in  the  magnetic  field  4T.  This  parameter  should  be  less  than  10^  .  In  addition 
these  measurements  allow  to  obtain  the  local  current  density  of  the  compressed  beam.  This  local  current  density  has 
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B  =0.26T  B  =0.57T 

D  A 

Fig.4.  Comparison  of  the  experimental  data  with 
theoretical  curves  characterizing  the  angular  spread  of 
the  beam  after  transformation  and  compression.  Bd- 
magnetic  field  in  the  diode,  Ba  -  magnetic  field  in  the 
angular  spread  detector. 


a  value  about  1  kA/cm  and  it  is  close  to  the  average 
current  density  of  the  beam  calculated  by  the  derivation 
of  the  beam  current  on  the  beam  cross  section. 

5.  CONCLUSION 

So,  as  a  result  of  our  investigations  0.4  MJ  energy 
content  of  the  ribbon  electron  beam  has  been  achieved. 
It  has  been  experimentally  demonstrated  that  about 
70%  of  the  energy  of  this  beam  is  transferred  to  the 
circular  beam  with  the  current  density  1-1.5  kA/cm^ 
and  the  angular  spread  less  than  10®. 
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ABSTRACT 


The  traditional  way  of  relativistic  electron  beam  (REB)  injection  in  the  experiments  on  REB-plasma  interaction 
is  the  injection  through  an  anode  foil  that  separates  vacuum  diode  from  plasma  chamber.  The  presence  of  separating 
foil  leads  to  the  following:  i)  replacement  of  destroyed  foil  is  required  after  each  shot  ii)  the  beam  angular 
characteristics  making  worse.  A  beam  with  low  angular  spread  can  be  obtained  from  foilless  diode  placed  into 
strong  guiding  magnetic  field;  the  problem  is  how  to  avoid  the  diode  shortening  in  the  presence  of  a  dense  plasma 
from  the  interaction  chamber. 

In  the  experiments  on  studying  of  Langmuir  turbulence,  carrying  out  on  GOL'M  device  ^  it  becomes  possible  to 
avoid  a  separating  foil  and  to  obtain  a  foilless  injection  of  REB  into  a  dense  (>10^^cm’^)  plasma,  utilizing  a 
special  drift  pipe  as  an  anode  of  the  foilless  axially  symmetric  magnetized  diode. 

1.  EXPERIMENTAL  SETUP 


The  schematic  of  the  experiment  is  shown  in  Fig.  1.  The  beam  is  injected  into  preliminary  hydrogen  plasma  with 
the  density  Hg  —lO^^-MO^^cm’^  and  the  electron  temperature  Te=leV.  The  plasma  is  created  by  high-voltage 
capacitor  discharge  in  a  longitudinal  magnetic  field  of  mirror  configuration  with  4.5T  in  diode  region  and  2.5T  in 
homogeneous  part.  A  length  of  the  solenoid  is  2.5  meters.  The  injected  beam  is  stopped  by  graphite  collector  with 
shunt  at  the  end  of  plasma  chamber.  The  collector  is  separated  from  the  plasma  by  foil. 


Figure  1.  1-cathode  stalk,  2-anode  pipe,  3-Thomson  scattering  system  input/output  ports, 4, 5- mirror 
coils,  6-solenoid  coils,  7-quartz  tube,  8-collector/calorimeter,  10-foreplasma  discharge  capacitor  bank. 

The  1-MV  pulse  from  coaxial  water  forming  line  is  delivered  to  the  hemispherical  graphite  cathode  tip.  The 
graphite  anode  is  performed  as  a  drift  pipe  separating  the  diode  gap  from  the  plasma  chamber.  The  density  of  the 
preliminary  plasma  flowing  into  the  diode  gap  through  the  pipe  has  been  measured  by  Michelson  interferometer 
with  CO2  laser  (  A,  =  10,6  pm  )  as  a  source  of  light.  The  ratio  R  of  average  plasma  density  before  and  after  the 
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anode  pipe  versus  the  length  of  the  anode  pipe  Ij^  is  shown  in  Fig. 2.  The  iimer  diameter  of  the  pipe  in  this 

1C  n 

experiment  was  1.5cm,  and  the  plasma  density  in  the  discharge  chamber  is  aroundd- 10  cm 

The  pipe  substantially  reduces  the  plasma  flowing  into  the  diode  gap,  but  do  not  stop  it  at  all;  thus  the  REB 
generation  in  the  diode  prefilled  by  plasma  has  taken  place.  A  physics  of  REB  generation  in  plasma-filled  diode  has 
been  studied  previously^.  The  expanding  ion  sheath  is  formed  near  cathode  surface  and  acts  like  virtual  anode- 
cathode  gap. 


Figure  2. 

2.  EXPERIMENTAL  RESULTS 


To  make  clear  the  plasma  influence  on  the  beam  generation,  the  output  of  the  anode  pipe  was  closed  by  20  mkm 
titanium  foil  in  special  control  experiments  to  avoid  plasma  flowing  into  the  diode  gap  ("vacuum"  magnetized  diode 
regime). 

In  the  case  of  plasma-filled  diode  two  regimes  of  REB  generation  for  any  anode  pipe  dimensions  could  be 
distinguished  depending  on  plasma  density  in  the  chamber.  Typical  traces  of  the  beam  current  and  the  diode  voltage 
for  the  pipe  with  inner  diameter  1.3cm  and  length  13.5cm  are  given  below  in  Fig.3. 


50  ns/div 
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1)  "Low-density"  plasma  regime  (ng<  1-10  cm  ).  In  this  case  the  beam  current  exceeds  slightly  the  current 
in  "vacuum"  regime  or  does  not  exceed  it  at  all.  The  plasma  influence  on  REB  generation  is  negligibly  small. 
Corresponding  traces  of  the  diode  voltage  and  REB  current  are  marked  by  symbol  "a".  2)  With  the  plasma  density 

in  the  chamber  increase  (2-10^^-r4-10^^cm‘^)  the  REB  current  on  the  collector  rises  substantially;  the  pulse 
duration  drops  simultaneously  (traces  marked  "b").  The  significant  spread  of  the  beam  parameters  from  shot  to  shot 
is  observed  in  this  regime.  With  further  growth  of  the  plasma  density  the  diode  shortens  in  most  of  shots.  The 
lengthening  of  the  anode  pipe  and  the  reducing  of  its  inner  diameter  allows  to  inject  the  REB  into  the  plasma  of 
higher  density. 

The  foilless  injection  of  REB  from  plasma  filled  diode  demonstrates  more  efficient  dense  plasma  heating  then 
that  through  a  foil.The  results  of  experiments  with  pipes  of  different  sizes  are  presented  on  Fig.4.  Each  point  on  the 
plot  gives  the  plasma  electron  temperature  and  density  measured  simultaneously  by  the  Thomson  scattering  system 
(ruby  laser,  5J,  50ns)  after  the  REB  injection 


Figure  4.  □  -  anode  pipe  length  135mm  and  inner  diameter  13mm; 
•  -  185mm  and  10mm;  -l-  -150mm  and  7.5mm; 
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ABSTRACT 

The  cylindrical  geometry  of  the  superdense  magnetron  type  discharge  system  version  in  the  crossed  electric  and 
magnetic  fields  is  attractive  in  that  it  allows  a  high  azimuthal  uniform  plasma  emission  surface  to  be  formed.  This 
geometry  offers  no  problem  with  screening  the  cathode  from  the  magnetic  field  of  the  beam  transportation  region. 
There  is  a  stabilizing  effect  of  magnetic  field  on  the  discharge,  which  provides  high  value  of  discharge  current  in  the 
diffuse  (without  cathode  spots)  phase  of  discharge  operation.  Thus,  for  a  cathode  surface  area  of  300  cm^  and  a 
pulse  duration  of  15  //s,  the  maximum  current  of  a  discharge  in  He  was  1.5  kA,  in  a  steady-state  mode  it  was  inure 
then  10  A.  The  processes  of  electron  and  ion  emission  have  some  peculiar  features,  and  the  experimental  results  of 
this  investigation  are  also  presented.  In  our  device,  for  a  20  fis  pulse  duration  and  energy  of  200  keV  it  was  possible 
to  obtain  en  electron  beam  current  of  600  A  with  a  current  density  of  75  A/cm^.  The  beam  mean  diameter  and 
width  were,  respectively,  10  cm  and  1  mm.  The  electron  current  in  the  steady-state  mode  was  2  A  with  a  10  keV 
energy.  The  ion  beam  current  constitutes  of  10%  of  the  discharge  current.  The  application  fields  of  these  sources  are 
microwave  generation,  surface  properties  modification,  etc. 

1.  INTRODUCTION 


Discharges  in  crossed  electromagnetic  and  electric  fields  operating  in  electrode  systems  such  as  a  magnetron  attract 
attention  because  of  the  possibility  they  offer  to  create  efficient  charged-particle  sources.  Because  of  the  electron 
oscillations,  the  discharge  operates  stably  at  low  pressures,  affording  a  high  degree  of  ionization  of  the  working  gas 
and  stability  of  the  plasma  parameters.  Such  a  source,  owing  to  highly  efficient  extraction  of  electrons  and  ions  from 
the  plasma,  azimuthal  uniformity  of  the  ernis.sion  parameters,  simple  construction,  and  the  absence  of  heated  catho' 

des,  is  competitive  with  hot-cathode  devices.  These  advantages  niay 
particularly  show  up  when  the  plasma  source  operates  under  rigorous 
vacuum  conditions  or  in  corrosive  media  (for  example,  in  heat  treat¬ 
ment  of  construction  materials,  in  plasma  chemical  plants,  etc.).  .\n 
important  plasma-source  advantage  is  the  possibility  of  producing  both 
electron  and  ion  beams  in  a  single  unit.  This  greatly  extends  the  range 
of  technological  applications  of  such  sourcesb^. 

This  paper  presents  the  operational  features  of  a  charged-particle 
source  with  stationary  and  pulse  annular  electron  and  ion  beams. 

2.  EXPERIMENTAL  SETUP 


FIGURE  NOT  AVAILABLE 
AT  TIME  OF  PUBLICATION 


Fig.  1.  Source  design 


The  discharge  was  ignited  between  cylindrical  coaxial  electrodes 
—  cathode  1  and  anode  2  (Fig.  1)  —  made  of  stainless  steel.  The 
experiment  used  a  discharge  in  the  form  of  an  “inverse  magnetrciV’ . 
The  magnetic  field  in  the  discharge  chamber  was  cremated  by  using  t^^'0 
sliort  solenoids  5.  An  annular  beam  is  formed  by  extracting  particles 
from  plasma  through  a  2-mm  wide  ring  slit.  The  slit  is  made  in  o.nd 
electrode  i/,  which  is  under  the  cathode  potential.  The  voltage  applied 
between  electrode  4  ^tnd  accelerating  electrode  5  accelerates  the  parti¬ 
cles  up  to  the  required  energy.  The  current  of  the  accelerated  particles 
is  detected  by  collector  6. 
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3.  DISCHARGE  PERFORMANCES 


To  obtain  the  required  emission  parameters  in  the  source,  it  is  necessary,  above  all,  to  provide  conditions  for 
stable  ignition  of  the  discharge.  In  tlie  discharge  used,  these  conditions  are  determined  not  only  by  the  pressure  of 
the  working  gas,  but,  to  a  considerable  degree,  by  the  magnitude  of  the  magnetic  field. 

The  experiments  have  shown  that  the  characteristics  of  the  discharge  ignition  are  weakly  aflected  by  the  type 
of  plasma-forming  gas.  An  increase  in  gas  ]:)ressure  results  in  a  decrease  in  ignition  voltage  and  in  a  shift  of  the 
ignition  curve  toward  lower  magnetic  fields.  The  discharge  ignition  voltage  can  be  lowered  to  the  level  of  steady-state 
discharge  voltage  by  a  proper  choice  of  the  magnetic  field  induction.  It  considerably  simplifies  the  construction  of 
the  electric  power  supply  for  the  source,  because  no  special  ignition  system  is  required. 


The  current-voltage  characteristics  of  the  discharge  are  presented 
in  Fig.  2.  A  current  growth  with  increasing  voltage  is  inherent  in 
the  discharge.  The  increase  in  gas  pressure,  the  higher  magnetic- 
field  induction,  as  well  as  the  lighter  plasma- forming  gas  lead  to  a 
decrease  in  discharge  voltage.  As  seen  from  Fig.  2,  owing  to  the 
stabilizing  action  of  the  magnetic  field  a  considerably  larger  current 
can  be  obtained  in  the  discharge  in  crossed  fields  then  in  an  ordinary 
glow  discharge.  The  probability  of  formation  of  a  cathode  spot 
and  arc  discharge  rises  as  the  magnetic  field  decreases.  Electrode 
FIGURE  NOT  AVAILABLE  conditioning  diminishes  the  probability  of  arc  discharge  and  results 

AT  TIME  OF  PUBLICATION  increase  in  diffusion- discharge  current. 

We  used  probes  to  measure  the  plasma  parameters.  The  plasma 
density  was  estimated  from  the  saturation  current  on  the  ion  branch 
of  the  planar  Langmuir  probes.  The  plasma  potential  (9?)  was  de- 
Fig.  2.  Current-voltage  characterisi  ics  termined  by  means  of  the  “emission’’  probe,  using  the  “floating” 
for  Xe  (f),  Ar  (^),  and  N  {  O-  potential  method. 

The  discharge  was  distinguishc<l  by  a  growing  I  --  V  characteristic  and  a  positive  anode  potential  drop.  The 
plasma  density  varied  in  direct  proporl  ion  to  the  discliarge  current.  The  anode  potential  drop  incn^ased  as  a  function 
of  plasma  density.  Thus,  at  a  discliarge  current  of  70  A  the  discharge  voltage  was  Ud  ==  400  V,  the  plasma  density  was 
10^^  cm”"^,  and  the  plasma  potential  r^  lai  ive  to  the  anode  at  the  point  equidistant  from  the  anode  and  the  cathode 
had  a  value  o^  <f  =  -20  V.  Increasing  tlic  discharge  current  to  200  A  raised  U  to  200  V  and  changed  (p  to  -40  V. 

1.  EMISSION  PROPERTIES 


In  this  discharge  system  the  change  in  {dasma  and  discharge  parameters  associated  with  electron  emission  de¬ 
pended  on  whether,  the  acceleral  in.c;  \  (  virago'  was  applied  to  the  anode  or  cathode.  In  this  regard  we  can  distinguish 
two  current  extraction  configurations. 

In  a  system  with  a  common  anode  f nfrc  f  rating  voltage  applied  to  the  anode)  an  increase  in  emission  current  Jg 
(the  current  drawn  by  the  colfin  tor)  ;n  cotnpanied  by  a  rise  in  plasma  potential  (Fig.  3a).  Here  the  discharge 
ignition  voltage  decreased  by  a  value  n j>pi oxiniately  equal  to  <p.  The  current  in  the  cathode  circuit  and  the  plaiuna 
density  did  not  change,  while  the  a  nod-.  <  un  ont  decreased  by  /g.  When  the  electron  extraction  efficiency  K  =  1  was 
achieved,  a  further  rise  in  the  acceh'rai  ing  \  oll  age  led  to  a  sharp  increase  in  p.  This  caused  an  increase  in  discharge 
(cathode)  current,  plasma  density,  and  g. 

When  the  accelerating  voltage  avhs  n|i|!!i('d  to  tlie  cathode,  it  was  likewise  found  that  electrons  could  be  extracted 
from  the  plasma  with  high  efficietu  y.  liiU  ilie  reaction  of  the  plasma  to  electron  emission  was  very  different.  The 
increase  in  the  current  drawn  by  I'.i^  (•  >!;  ! or  was  accompanied  by  a  rise  in  cathode  current  by  the  amount  le  (Fig. 

3b).  The  plasma  density  increased,  wli'-lc  ihe  current  in  the  anode  circuit  remained  the  same.  In  this  case,  electron 
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emission  caused  an  increase  in  anode  potential  drop  and 
raised  the  discharge  ignition  potential.  Note  that  the  igni¬ 
tion  potential  rose  by  more  then  ip.  Thus,  the  maximum 
change  in  the  plasma  potential  was  12  V  (Fig.  3b),  while  in 
this  regime,  the  discharge  operation  potential  rose  from  600 
to  660  V.  In  this  case,  the  change  in  plasma  parameters  is  the 
same  as  in  the  situation  which  occurs  when  the  discharge  cur¬ 
rent  increases  by  7^  in  the  absence  of  current  extraction.  The 
distinctive  difference  is  the  constant  current  in  the  primaiy 
winding  of  the  transformer  supplying  power  to  the  discharge. 
This  implies  that  the  accelerating  voltage  has  a  major  effect 
on  the  discharge  ignition  conditions. 


The  experimental  results  of  the  study  of  the  discharge  and 
emission  in  the  extraction  mode  with  the  common  anode  can 
be  explained  as  follows. 


FIGURE  NOT  AVAILABLE 
AT  TIME  OF  PUBLICATION 


In  fact,  the  transverse  magnetic  field  restricts  the  access 
of  the  electrons  to  the  anode.  Because  of  the  reduction  in 
electron  mobility,  a  layer  of  negative  space  charge  develops 
near  the  anode  and  a  corresponding  positive  anode  potential 
drop  appears.  The  accelerating  voltage  applied  to  the  anode 
separates  the  electron  and  ion  flows  leaving  the  discharge  g?p. 
More  and  more  of  the  electrons  reach  the  collector  by  travel¬ 
ing  along  the  magnetic  field,  while  the  ions  continue  to  reach 
the  cathode  and  anode.  The  electron  lifetime  in  the  discharge 
becomes  shorter.  This  changes  the  degree  of  nonneutraliza¬ 
tion  of  the  charged  particles  in  the  plasma  and  ultimately 
raises  the  plasma  potential  with  respect  to  the  anode. 


Fig.  3.  Emission  charnel orisi i.  s: 

no  =  10^^  cm*"^,  ipQ  —  -‘20  \\  The  increase  in  the  current  to  the  collectcu*  results  from  the 

7j^o  —  70  A  redistribution  of  the  electron  current  betwtien  this  electrode 

and  the  anode.  For  some  value  of  the  accelerating  voltage  . 
achieved  or  for  some  particular  conngiitn!  ion  of  the  magnetic  field  produced  by  the  solenoid,  the  electron  anode 
current  “switches”  totally  to  the  coliecioir.  As  can  be  seen  from  Fig.  3a,  the  plasma  potential  equals  or  even  exceeds 
the  anode  potential.  Thus,  results  in  a  Itarge  operation  regime  where  the  plasma  is  positively  charged. 


When  electrons  are  extracted  in  (In*  c«ni figuration  with  a  common  cathode,  the  anode  current  is  stabilized  by 
the  external  circuit.  Electrons  can  bo  di  -ovn  off  to  collector  only  if  additional  electrons  appear  in  the  discharge  gap. 
This  means  that  the  ionization  rale  in  ilic  discharge  has  to  increase.  Since  in  the  experiments  the  rise  in  ignition 
voltage  associated  with  electron  exi  rm  tj  .n  is  not  balanced  by  a  corresponding  change  in  anode  potential  drop,  we 
can  suppose  that  in  this  case  tlie  inci  :  c  in  discharge  voltage  is  also  associated  with  a  rise  in  cathode  potential 
drop.  This  probably  causes  an  incK  n  *  i  ;;  i  electron  susceptibility  to  ionization.  Note  that  the  increase  in  cathode 
potential  drop  is  associated  with  m  utn^  ui  mlization  of  the  charge  particles  in  the  plasma,  which  is  maintained  by  tne 
electric  field  of  the  accelerating  elc‘  !  k  «!<'  Sinjilar  processes  take  place  in  the  case  where  electrons  are  extracted  with 
a  common  anode  having  a  fully  d '  n  ■  *  urrent,  since  in  this  case  additional  electrons  have  to  be  produced  in  t!ie 
discharge  gap. 


In  the  extraction  regime  willi  a  cathode,  an  increase  in  electron  current  drawn  by  the  collector  is 

accompanied  by  a  rise  in  the  ion  ( ut  i-  -!  It  tisiiy  to  the  cathode,  since  the  emission  current  is  added  to  the  initial 
discharge  current.  This  increases  th<'  p  iliiy  of  the  cathode  spot  formation  and  the  transition  to  the  arc  regime. 
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n  CONCLUSION 


The  study  of  a  magnetron  disci <\ 
sources  capable  operating  in  both  imlsi-:; 
voltage  of  200  kV,  the  beam  ciirrc  iii  IV.. 
emitted  by  the  plasma  was  75  A/cm  ’ 
current  from  the  source  reached  2  A.  15 
extract  ions  from  the  magnetron  disrhai  i 
100  mA. 
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!  .  yliiidrical  electrodes  geometry  gave  rise  to  the  creation  of  charged  particle 
I  slationary  regimes.  Thus,  for  a  pulse  length  of  20  /is,  at  an  accelerating 
the  source  reached  600  A.  The  average  current  density  of  the  electrons 
ii!  iho  steady-state  regime,  at  an  accelerating  voltage  of  10  kV,  the  beam 
.  s'.cilching  the  polarity  of  the  collector  potential,  one  can  also  efficiently 
;i'  plasma.  Thus,  at  an  accelerating  voltage  of  10  kV,  the  beam  current  was 
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Abstract 


The  paper  presents  experiments  aimed  at  focusing  and  unfocusin 
pulsed  electron  beams  of  energy  from  0.2  to  1.5  Me?  by  3  to  35  kA 
currents  with  a  duration  of  up  to  200  ns.  A  cathode  construction  has 
been  found  experimentally  which  in  recording  on  an  X-ray  film  permits 
obtaining  a  resolution  of  5  lines  per  millimeter  with  a  penetrability 
of  up  to  40  mm  of  lead.  A  pulsating  voltage  with  an  amplitude  over  10 
kV  is  shown  to  exist  at  the  prepulse  voltage  across  the  cathode.  An 
electric  generator  substitution  circuit  has  been  found  that  explains 
the  occurrence  of  a  voltage  pulsation  across  the  cathode.  The 
presence  of  the  aforementioned  voltage  leads  to  the  high-current  diode 
being  filled  with  plasma  before  a  major  high-voltage  pulse  arises. 
Conditions  have  been  found  experimentally  which  enable  electron  beam 
focusing  or  unfocusing. 


2. Introduction 


Ejiperlments  have  been  carried  aiming  to  improve  the  radiography 
of  fast  processes  that  occur  in  dense  media.  The  penetrability  range 
that  we  consider  is  equivalent  to  0-60  mm  of  lead  with  a  separation  of 
1  m  from  the  X-radiatlon  source,  the  duration  of  X-radiatlon  from  10 
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to  100  ns,  and  the  spatial  resolution  is  less  than  0.5  mm.  The 
investigations  have  been  carried  out  on  a  VIRA-1 .5  generator,  which 
incorporates  a  circuit  with  an  intermediate  inductive  energy  storage 
and  a  current  interrupter  based  on  electrically  exploding  wires  (EEW) 
[1,  2 land  on  a  generator  with  a  semiconductor  opening  switch  [3].  The 
generators  current  being  below  the  Alfven  current  lA=l7/5y,  electron 
beam  focusing  is  difficult  to  Implement.  It  is  the  goal  of  the 
present  paper  to  resolve  this  contradiction. 

3. Generator  substitution  circuit 


The  fact  that  the  prepulse  voltage  across  the  cathode  has  a 
strong  effect  on  further  electron  beam  propagation  has  been  noted  by 
many  authors.  Is  an  example,  we  can  make  reference  to  the  monograph 
[4],  which  analyzes  a  considerable  nimiber  of  publications.  Therefore, 
special  attention  has  been  given  to  deteminlng  the  form  of  the 
prepulse  voltage.  The  difficulty  resides  in  the  fact  that  the 
voltages  and  currents  cannot  be  measured  directly  in  many  parts  of  the 
installation.  Apart  from  this,  the  constituent  capacitances  and 
inductances  are  not  known.  For  this  reason,  the  voltage  values  sought 
can  be  obtained  only  with  the  aid  of  calculations,  from  an  analysis  of 
the  generator  substitution  circuit  (fig.  1).  The  circuit  has  been 
obtained  as  a  result  of  analyzing  dozens  of  voltage,  current,  and 
cm’rent-derlvatlve  oscillograms  for  different  generator  components  in 
different  operation  modes  of  the  generator. 

Using  the  simplex  method,  we  have  obtained  numerical  values  of 
the  components  asterisked  in  the  diagram.  The  values  of  the  rest  of 
the  components  have  been  evaluated  from  geometric  dimensions.  the 
calculated  oscillagrams  give  a  fairly  good  fit  to  the  measured 
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counterparts.  The  computational  oscillagram  for  the  voltage  across 
the  cathode  prior  to  appearance  of  a  high  voltage  pulse  is  presented 
in  Pig  2. 

As  can  be  seen  from  the  foregoing,  a  negative  prepulse  pulsating 
voltage  with  an  oscillation  amplitude  of  over  10  kV  exists  across  the 
cathode  during  the  inductive  storage  pumping  time  (  1  /js).  The 
effect  of  this  voltage  on  electron  beam  propagation  is  considered 
below. 


4. Experimental 


Tlie  types  of  the  cathodes  and  the  electron  beam  autographs  are 
shown  in  Pig. 3  .  The  detector  is  placed  behind  the  50  /^m  titanium 
foil.  Therefore  the  dark  spots  are  due  to  only  the  electronic  diode 
current  component.  The  quality  of  focusing  was  determined  from 
electron  beam  autographs,  from  the  deviation  from  the  law  of  inverse 
squares  of  y-radiation  intensity  on  the  axis  of  installation  behind 
the  target,  and  from  the  radiographs  of  test  objects. 

Cathode  1  was  used  to  create  electrons  beams  without  focusing.  In 
terms  of  electron  beam  focusing,  the  best  result  came  from  cathode  2. 
A  many-  factor  experiment  was  staged  in  order  to  choose  thegeometric 
dimensions  of  this  cathodes,  in  which  the  sizes  of  the  edge,  the 
needle  diameter,  the  needle  setting  depths,  etc.  were  varied.  A 
feature  distinguishing  this  cathode  from  those  used  only  [2]  is  that 
the  end  face  edge  is  rounded  and  the  central  needle  is  0.3  to  0.5  mm 
in  diameter.  This  promises  the  conclusion  that  it  the  electron 
emission  occurs  chiefly  from  the  cathode  plasma  rather  than  the 
cathode  rim.  In  the  literature,  examples  are  known  of  using  in  the 
cathode  dielectric  insets,  which  permitted  electron  beam  focusing 
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either  owing  to  the  suppression  of  prepulse  voltage  [4]  or  owing  to 
the  production  of  the  plasma  on  the  cathode  from  an  additional  voltage 
source.  In  our  case,  as  will  be  shown  below,  the  plasma  forms  when 
the  dielectric  suffers  a  breakdown  between  the  needle  and  the  cathode 
body. 


5.  Discussion 


The  electron  beam  focusing  results  obtained  can  be  explained  by 

formation  of  cathode  plasma.  The  latter  arises  at  the  prepulse 

voltage  owing  to  the  emission  from  the  central  needle  (Pig. 3)  This 

emission  gives  rise  to  a  potential  difference  of  about  10  kV  between 

the  needle  and  the  cathode,  a  voltage  difference  that  leads  to  a 

breakdown  along  the  dielectric  surface  in  vacuum.  The  breakdown  is 

accompanied  by  plasma  formation.  Owing  to  high  mobility  the  electrons 

leave  the  plasma.  Therefore,  the  diode  gap  will  be  filled  with 

positively  charged  cathode  plasma  before  the  main  voltage  pulse 

arrives,  a  fact  which  peiroits  compensation  of  the  space  charge  of 

high-energy  electrons.  Estimates  show  that  a  plasma  with  a  density  of 
13  -3 

10  cm  is  needed  to  realize  this  regime. 

6.  Conclusion 


We  have  shown  that  a  prepulse  pulsating  voltage  of  an  amplitude 
higher  than  10  kV  exists  across  the  cathode.  Appropriate  cathode 
designs  have  been  chosen,  which  permit  focusing  and  unfocusing  an 
electron  beam. 
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EXPERIMENTAL  INVESTIGATION 

The  formation  of  ion  beams  with  a  large  current  is  provided  by  multiaperture  ion-optical  systems.  Their  characteristics 
are  determined  of  properties  of  a  single  aperture  of  ion-optical  system.  A  detailed  experimental  investigation  of  one-aperture 
ion-optical  system  was  carried  out^  with  the  aim  of  determining  of  optimal  conditions  which  provide  the  maximum  current 
density  j  in  the  beam  at  a  minimum  angle  of  divergence  co.  These  requirements  are  produced  to  ion-optical  systems  of 
neutrals  injectors  for  nuclear  fusion  setups. 

The  optimisation  of  ion-optical  systems  of  technological  ion  sources  for  ion-implantation  setups  wich  forme  beams  of  a 
big  section^  is  aimed  at  creating  of  uniform  beams  at  the  distance  0. 1-0.2  m  from  the  ion-optical  system.  It  is  reached  by  in¬ 
creasing  of  a  beam  divergence  in  term  of  minimum  particles  loss  on  electrods.  The  necessity  of  the  determination  of  ion  be¬ 
am  generation  regimes  for  more  heavy  gases  and  smaller  current  density  in  comparison  with  the  work^  satisfying  the  menti¬ 
on  above  two  conditions  arises  on  elaborating  of  these  sources.  Due  to  it  one  does  not  possible  to  use  results  received*. 

A  lot  of  factors  which  have  influence  on  forming  of  a  beam  complicates  the  optimisation  of  ion-optical  systems  by  expe¬ 
rimental  way  makes  expedient  the  use  of  numerical  methods  developed^.  However,  the  comparing  analyse  of  simulation  and 
experiment  is  necessary  to  evalnate  the  degree  of  the  reliability  of  results  and  to  bring  the  algorithm  of  calculations  what  is 
the  aim  of  this  work. 

Experiments  were  carried  out  with  using  of  the  impulse-periodic  ion  source  on  the  base  of  the  arc  with  the  cathode  spot 
screen^.  The  one-aperture  two-electrod  ion-optical  system  with  round  holes  of  radius  r  =  4-10  mm,  interelectrod  distance 
I  =  10 -20  mm  and  electrod  thickness  d  =  2mm  is  used.  The  current  density  of  argon  ion  emission  changed  in  the  limit  1  - 
10  niA/cm^,  the  accelerating  tension  was  U  =  10  -  40  kV. 

The  full  ion  current  on  the  collector  with  diametor  80  mm  at  the  distance  200  mm  from  the  ion-optical  system  and  radi¬ 
al  ion  current  density  profiles  which  were  received  by  the  wire  probe  with  a  diameter  1  mm.  The  probe  shifted  radioly  at  the 
collector  plane  at  the  slit  with  the  width  2  mm.  Profiles  J(r)  for  one-aperture  ion-optical  system  with  r  =  4  mm  and  /  = 
13  mm  received  for  different  U  when  j  =  5  rnA/cm^  (a),  and  different  j  when  U  =  40  kV  are  presented  in  Fig.  1. 

NUMERICAL  SIMULATION 

Numerical  simulation  of  the  process  of  ion  beam  formation  in  ion-optical  systems  was  based  on  generalized 
mathematical  model  which  reduced  to  following: 

=  en^  [Q.ei^kTjM  -dsldt)n, 
dS/jdt  -  -e/MV(p, 

V^(p  =  -p/sq. 
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dsjdt  =  (so/(M7,))'^^5(p/S«|^^  , 

(p|/j  =(Po, 

5(p/a«i|^^  =  o> 

where  j  -  ion  current  density,  rij  -  ion  density,  Te  -  plasma  electron  temperature,  e,  M  -  ion  charge  and  mass,  p  -  electric 
field  potential,  p  -  beam  space-charged  density,  fr  -  plasma-ion  beam  boundaiy  ,  n  -  normal  towards /r,  fi  -  electrod  bo¬ 
undary,  f2  -  axis  of  beam  symmetry,  s-  displacement  of  the  plasma  boundary  from  the  initial  position,  <pp  -  plasma  poten¬ 
tial,  -  potential  of  /-th  electrod,  n  7  -  normal  towards  f2. 

Mathematical  modeling  of  the  charged-particles  dynamics  was  done  on  a  space  grid  100x50  by  large-particles  method 
on  the  base  of  "Cloud-in-Cell"  model"*.  The  classical  large-particles  method  was  developed  for  this  case  taking  into  account 
a  number  of  peculiarities  in  a  large-particles  motion  near  the  plasma-ion  beam  boundary. 

The  algorithm  of  the  numerical  solution  of  the  task  consisted  in  setting  the  geometry  of  the  calculation  region,  the  ele¬ 
ctrodes  potentials,  beam  current,  large-particles  parametrs  and  the  initial  position  of  the  plasma  boundary;  solving  Laplace 
equation  for  the  electric  field  potential  and  calculating  the  strength  of  the  electric  field;  inletting  a  group  of  large  particles 
with  the  ion-sonic  velosity  from  the  plasma  boundary  into  the  calculation  region;  solving  the  set  of  the  equations  of  the  lar¬ 
ge-particles  motion;  determining  the  grid  density  of  the  space  charge  and  solving  Poisson  equation  with  the  set  boundary; 
defining  the  new  position  of  the  plasma-beam  boundaiy  according  to  Stefan  condition  and  passing  to  the  injection  of  the 
large  particles  and  repeating  all  the  calculations.  If  the  displacements  of  the  space-charge  density  cease  to  change  within  the 
set  accuracy  calculations  are  stoped  and  received  results  are  taken  as  a  task  solution. 

In  order  to  calculate  the  output  characteristics  of  the  beam  from  the  plasma  boundaiy  surface  probe  particles  were  in¬ 
jected  and  the  equation  of  motion  for  them  was  solved  thoughout  the  whole  region  within  the  precalculated  self-consistent 
field. 

Results  of  numerical  calculation  of  current  density  profiles  in  collector  plane  are  presented  in  Fig.2a  and  2b  correspon¬ 
dingly. 


THE  COMPARISON  OF  EXPEREMENTAL  AND  THEORETICAL  DATA 

The  compasison  of  curves  on  Fig.l  and  Fig.2  testifies  about  a  good  conformity  of  the  theory  to  the  experiment.  Such 
behaviour  of  curves  is  explained  that  there  is  a  caracterictic  beam  perveance  P  =  «  5xl0r^^  A/(cnP-V^''^)  for  this 

geometry  when  co  is  minimal.  It  was  shown  ^  that  the  inkrease  /•  for  /  =  const  leads  to  decreasing  co.  However,  as  one 
can  see  from  Fig.  1  and  2  the  beam  profile  width  in  the  ion-optical  system  with  r  =  4  mm  provides  the  formation  of  uniform 
beam  of  a  big  section.  This  allows  one  to  use  largecell  ion-optical  systems  which  are  simple  in  the  manufacture  and  the 
efficiency  of  using  of  mathematical  simulation  for  a  optimisation  of  such  ion-optical  systems. 
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Fig.  1.  Experimental  curves  of  ion  current  density  profiles  on  collector  /  =  200  mm. 


Fig.  2.  Computed  curves  of  ion  current  density  profiles  on  collector  /  =  200  mm. 
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Abstract 

Based  on  the  state-of-the-art  knowledge,  the  processes  of  formation  and  transport  of  intensive  ion  beams  in  the 
transverse  magnetic  field  of  a  commercial  electromagnetic  separator  are  analysed.  For  the  first  time,  it  is  shown  that 
suppressing  the  low-frequency  noise  oscillations  in  an  arc  discharge  of  an  ion  source  allows  for  the  formation  of  a 
highly  stable  ion  beam  with  a  minimum  inner  potential  drop  possible.  At  low  pressures,  the  drop  is  determined  by 
Coulomb's  collisions  between  the  beam  particles  and  compensating  electrons,  the  collisions  being  unremovable  in 
principle. 


l.INTRODUCTION 


Intensive  ion  beams  seem  to  have  for  the  first  time  drawn  close  attention  of  physicists  as  far  back  as  late  1940's, 
which  was  associated  with  necessity  to  produce  fission  material  isotopes  in  abundance.  The  development  of  commercial 
calutrons  required  resolving  quite  a  number  of  fundamental  problems.  First  of  all,  high  energy  intensive  ion  beam 
sources  had  to  be  developed  to  provide  for  ion  beams  of  different  chemical  elements  with  currents  of  the  order  of 
amperes  and  for  the  formation  and  transport  of  such  beams  in  strong  magnetic  fields  for  distances  of  several  metres. 
Stationary  ion  sources  using  the  arc  discharge  in  a  magnetic  field^>2^  developed  for  this  purpose,  allowed  for  the 
generation  of  ion  beams  of  different  chemical  elements  with  total  currents  up  to  1  A,  which  helped  tackling  problems 
the  industry  was  faced  with.  There  is  a  simple  and  effective  way  of  intense  ion  beam  transport  within  a  separator, 
involving  the  accumulation  of  electrons  compensating  a  positive  space  charge  available,  the  electrons  being  produced  by 
the  knockout  ionization  of  the  residual  ambient  gas  with  fast  particles  of  a  moving  beam.  The  very  first  test  uses  of 
calutrons  revealed  the  disadvantages  inherent  in  the  then  employed  ion  sources  producing  beams  with  a  distinct  (some  2 
to  6  percent)  modulation  of  the  extracted  currents,  and  disclosed  a  fundamental  importance  of  the  process  of 
compensating  the  space  charge  of  separated  beams  for  the  end  quality  of  isotopes  and  the  production  of  a  particular 
device.  An  important  role  for  the  understanding  of  the  mechanism  of  compensating  the  space  charge  of  an  ion  beam  in 
actual  separator  environments  has  been  played  by  paper^,  where  it  was  shown  that,  provided  is  the 

concentration  of  neutral  atoms,  cr^  is  the  cross-section  for  the  production  of  electrons  with  ions  of  velocity  ^  and  jy 
are  the  constant  and  variable  components  of  the  beam  current  density  in  a  given  elementary  volume,  respectively),  the 
beam  space  charge  will  experience  dynamic  de  compensation  at  frequency  w.  Later  in  papers'^’,  mechanisms  were 
suggested  causing  the  dynamic  de  compensation  of  the  space  charge  of  ion  beams  in  separators.  After  the  papers  had 
been  published,  a  great  number  of  dedicated  experiments  were  carried  out  in  the  course  of  multi-year  understandings  on 
electromagnetic  isotope  separation  and  a  good  deal  of  experimental  data  were  obtained,  which  required  developing  new 
physical  approaches  and  ideas.  In  the  present  paper,  some  new  experimental  results  obtained  with  a  commercial  device 
for  ion  separation  are  reviewed  on  the  basis  of  the  state-of-the-art  understanding  of  transport  properties  of  the  ion-beam 
plasma. 


2.  EXPERIMENTAL  SETUP  AND  MEASUREMENT  TECHNIQUES 

The  experimental  studies  with  intensive  ion  beams  were  carried  out  using  the  chambers  of  large  commercial 
separators.  A  typical  chamber  is  a  rectangular  parallelepiped  of  dimensions  400cmxl50cmx40cm.  The  side  walls 
(400cm  X  150cm)  of  the  chamber  constitute  also  magnetic  poles.  The  magnetic  field  strength  in  the  operating  gap  is 
//=3...6kOe.  The  bottom  wall  (400cm  x  40cm)  of  the  chamber  has  holes  drilled  to  host  ion  sources  and  isotope 
collectors.  The  chamber  is  evacuated  down  to  approximately  (1...3)xl0'^Torr.  For  the  experiments,  we  have  used  an 
ion  source^  operating  in  the  direct  arc  discharge  mode  subject  to  a  strong  magnetic  field.  The  major  source  parts  are  as 
follows:  an  indirectly  heated  tungsten  cathode,  a  chamber  serving  as  anode,  a  crucible  where  a  working  substance  is  fed 
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to,  and  a  vapour  distributor.  Such  a  source  allows  for  extracting  across  the  magnetic  field  strip  ion  beams  of  a  total 
current/^  up  to  hundreds  of  milliampers  via  slit  20  cmx0,4  cm.  The  energy  ^  of  the  extraeted  single-charged  ions  is 
about  30  keV.  The  beam  is  formed  with  a  three-electrode  ion  optical  system  including  an  intermediate  electrode 
negatively  biased  at  C/,<-25  kV  with  respeet  to  the  grounded  one  located  at  an  extreme  position.  The  negative  potential 
prevents  electrons  from  reaching  a  positive  tip  of  the  source  set  at  a  potential  of  30  kV  and  provides  for  an  increase  of 
the  electric  field  in  the  beam  extraction  space.  Ion  beams  in  commercial  separators  are  fairly  long,  an  average  isotope 
separated  beam  length  L  being  approximately  280  cm.  The  maximum  initial  current  density  amounts  to  mA/cm^ 
in  experiments.  Dynamic  and  stationary  characteristics  of  the  ion-beam  plasma  within  the  separator  were  measured 
using  a  diagnostic  unit  movable  along  the  beam.  The  unit  enabled  the  beam  plasma  to  be  subdivided  into  ten  elementary 
beamlets  and  provided  for  the  simultaneous  measurement  of  the  linear  constant  and  variable  (/y)  current  densities  of 
both  the  beamlets  and  compensating  electrons.  The  maximum  space  charge  potential  (p  of  the  beamlets  could  be 
measured  in  parallel.  To  investigate  particular  regions  of  the  beam,  different  aperture  diaphragms  and  analysing 
azimuthally  adjustable  probes  were  employed. 

3.  MEASUREMENT  RESULTS  AND  DISCUSSION 


While  operated  in  a  routine  technological  mode,  isotope  ion  beams  are  modulated  by  low  frequency  noises  of  an  ion 
source,  which  causes  a  dynamic  de  compensation  of  a  beam  within  the  chamber  of  a  separator.  One  may  claim,  based  on 
numerous  measurements  (x),  jy(x)  and  (p(x)  established  in  papers^’,  x  being  the  direetion  crosswise  to  the  magnetic 
field,  is  only  observed  for  relatively  low  total  currents  ranged  as  7^^  150mA.  In  the  domain  of  average  currents 


7^150. ..250  mA,  which  is  optimal  for  a  commercially  applied 
separation,  there  is  a  distinct  tendency  toward  the  formation  of  a 
rectangular,  or  flat  top,  distribution  for  y^(x)  and  shifting  yy(x)  peaks 
into  the  peripheral  region  of  ^(x)  maximum  gradients.  This  is 
accompanied  by  the  failure  of  an  interlink  between  the  amplitude 
values  of  the  variable  current  density  and  the  extent  of  the  beam  de 
compensation  (i.e.  drop  of  potential  within  the  beam).  The  amplitude 
values  for  y'y  increase  with  the  total  current  and  are  shifted  toward 
peripheral  regions  while  the  drop  of  potential,  as  shown  by  numerous 
measurements,  peaks  at  medium  currents.  Also,  it  has  been 
established  that  the  oscillation  amplitudes  for  the  variable  current 
density  y'y  at  the  starting  and  middle  points  of  the  beam  are 
approximately  equal  to  each  other.  This  gives  evidence  that  no 
increase  of  the  beam  dynamic  de  compensation  for  its  low  frequency 
modulation  takes  place.  Fig.l  shows  typical  dependencies  of  y^., 
variable  electron  current  amplitude  y'y^  and  space  charge  potential  (p 


Fig.  1 


VS  the  turning  angle  a  of  the 
azimuthally  adjustable  probe;  a  can 
be  varied  in  arrange  of  ±80°  about  the 
beam  central  point.  It  can  be  seen  that 
we  have  an  essentially  non-uniform 
system  along  the  beam.  For  instance, 
in  the  middle  of  the  beam  trajectory 
its  linear  density  goes  down  to  a  five 
times  lower  value.  Similarly,  there  is 
a  sharp  decrease  of  the  amplitude  of 
the  variable  electron  current.  Howe¬ 
ver,  the  space  charge  potential  re¬ 
mains  virtually  constant,  which  refl¬ 
ects  the  availability  of  equipotential 


lines  along  the  beam  trajectory.  One 


Fig.  2 
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of  the  authors  (N.LDatsko)  has  proposed  and  developed  an  efficacious  technique  of  suppressing  low  frequency  noises  in 
arc  discharges  ignited  in  the  vapour  ambients  of  uncondensable  materials  which  could  be  represented  by  the  salts  of 
quite  a  number  of  metals,  e.g.  under  normal  conditions,  TiCl4  is  a  gaseous  entity.  The  above  technique  is  associated 
with  the  insertion  into  the  arc  discharge  of  light  element  vapours,  such  as  lithium  vapour,  which  allows  for  the 
stabilization  of  the  plasma  collisionless  flute  instability  and  for  a  major  suppression  of  pulsations  in  an  extracted  ion 
beam  at  low  pressures  inside  the  discharge  chamber  of  an  ion  source.  Experiments  have  been  carried  out  to  extract 
titanium  ions  from  the  plasma  of  a  stabilized  binary  arc  in  TiCl4+Li  environments.  Fig.2(a,b)  shows  measured  data  for 
a  middle  portion  of  the  beam,  describing  the  transverse  distribution  of  amplitude  Jy(x)  and  of  potential  <p.  It  is  clearly 

seen  that  incremental  adding  Li  vapour 

46  /^  50 


into  the  arc  discharge,  curve  1  standing 
for  a  Li  free  case,  suppresses  Jy 
oscillations,  makes  potential  (p's  maxim 
9=160  V  disappear,  and  lowers  its  value  to  a  level 
of  ^lOv  which  is  regarded  as  a  record  for 
commercial  separators.  It  is  to  be  pointed 
out  that,  in  parallel,  the  residual  gas  pre¬ 
ssure  inside  the  drift  chamber  is 
maintained  at  a  low  enough  level  of 
-^l.SxlO'^Torr.  It  follows  from  Fig.3(a) 
that  the  degree  of  ion  beam  compensation 
inside  the  separator  chamber  remains 
fairly  high  within  a  wide  variation  range 

of  the  total  current  for  a  Ti“^  ion  beam 
extracted  from  the  binary  plasma  of  an  arc 
discharge.  For  the  sake  of  comparison 
Fig.3  Fig.  3  (a)  also  shows  a  corresponding  curve 

(p(I^  revealing  typical  peaks  at  medium 
currents,  obtained  in  the  absence  of  Li  vapour  inside  the  source.  Fig.  3(b)  is  drawn  to  provide  for  a  clear  demonstration 
of  the  dynamic  de  compensation  effects  upon  the  quality  of  separation.  For  that  purpose,  the  figure  shows  mass  spectra 

of  a  Ti"*"  beam  on  the  case  by  case  basis  as  established  by  Fig. 3 (a). 


h) 


4.  STEADY  STATES  AND  STABILITY. 


Peculiar  features  of  the  magnetic  focusing  in  a  separator  determine  a  complicated  ion  beam  configuration  and 
control  its  transformation  in  the  course  of  transport  of  the  beam  transverse  profile.  Based  purely  on  particular 
geometrical  reasoning  for  the  first  half  of  the  beam  path,  one  can  evaluate  the  behaviour  of  the  beam  current  density  vs 
the  longitudinal  co-ordinate  ZttF^  and  one  can  be  convinced  that  after  the  beam  has  been  only  transported  at  a 
distance  of  Z^14Sq/25  »5  cm  (Sq  w  8cm^),  its  density  becomes  two  times  lower  as  compared  the  initial  one.  The  first 
quarter  of  the  beam  path  (i.e.  Z<70  cm)  deals  with  a  sharp  decrease  of  the  beam  density,  which  is  followed  by  a  rise 
within  the  second  quarter  (Z>70  cm.). 

Electrons  are  only  produced  in  the  course  of  ionization  with  the  beam,  their  average  lifetime  within  the  beam  being 
r^=7/;7^cr^F^  at  low  pressures.  The  presence  of  a  quasi  stationaiy  space  electric  field  E  developing  due  to  dynamic  de 
compensation  inevitably  results  in  the  removal  of  electrons  from  the  area  of  their  production  at  a  velocity  of  V^^E/H. 
As  the  beam  ends  are  cut  off  by  outer  potentials,  the  drift  of  electrons  can,  in  principle,  be  closed  within  the  beam  volu¬ 
me.  An  average  drift  time  is  In  the  course  of  the  beam  transport,  E  is  subject  to  substantial  variations  from 

hundreds  to  several  V/cm,  i.e.  by  approximately  two  orders  of  magnitude.  Taking  for  estimate  purposes  £*-50  V/cm,  one 
could  get  convinced  that  and  prove  comparable  under  typical  conditions.  This  means  the  electron  drift  along 
equipotential  surfaces  should  substantially  affect  the  stationary  states  of  the  ion  beam  plasma  within  a  separator,  which 
comes  to  explain  the  experimental  data  of  Fig.  1  and  the  absence  of  enhancement  of  dynamic  de  compensation  along  the 
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beam.  In  low-noise  ^'-fields  are  essentially  suppressed  and  electron  drift  becomes  of  no  importance.  Now,  let  us  assume 
that  an  extreme  value  of  a  maintained  static  potential  drop  within  the  beam  is  governed  by  the  following  expression^ 
accounting  for  Coulomb's  losses  of  an  ion  beam  to  heat  up  electrons; 


A<p  =  eV3./.  S-  (I) 

i  me  V  Eb  VnaCTe 

where  /  is  Coulomb's  logarithm  of  about  10,  and  (p,  is  the  ionization  potential.  Substituting  values  nb<2xlo9cm‘3, 

GgssSxlO'l^cm^,  which  are  typical  for  a  medium  part  of  the  beam,  into  (1),  we  obtain  A(p«14-5-15V.  The  last 
figure  conforms  fairly  well  with  the  experimental  one. 

Intensive  ion  beam  transport  in  a  transverse  ff-field  of  a  separator  may  well  be  seriously  affected  with  the  collective 
processes.  This  is  unambiguously  pointed  to  by  the  fact  that  the  space  potential  within  the  beam  goes  up  with  the 
residual  gas  pressure  inside  the  chamber  of  a  separator.  A  theoretical  consideration  of  potential  collective  phenomena  in 
the  ion-beam  plasma  of  an  electromagnetic  separator  has  shown  that,  both  for  the  initial  part  of  the  beam  path,  where 
the  concentration  of  charged  particles  is  fairly  high  (-lol^cm"^)  but  the  system  itself  is  very  non  uniform,  and  for  a 
long  and  quite  uniform  medium  part  with  a  particle  concentration  of  about  lO^cm"^,  the  highest  space  growth  rates  are 
with  the  ion-electron  instability  can  cause  the  emergence  of  not  only  variable  fields  in  the  beam  but  also  of  constant 
ones,  which  is  indirectly  supported  by  an  increased  removal  of  electrons  from  the  beam  along  the  magnetic  field  at  the 
initial  and  end  parts  of  its  path  (see  Fig.l).  Apart  from  an  additional  de  compensation  (^30V),  the  above  instability 
can  result  in  a  considerable  broadening  of  the  energy  spectrum  of  an  ion  beam  (zl£->400eV). 

5.  CONCLUSIONS 

For  the  first  time,  it  has  been  experimentally  shown  that  suppressing  the  low-frequency  oscillations  of  an  arc 
discharge  plasma  by  introducing  easily  ionized  light  element  additives  into  an  ion  source  provides  for  an  adequate 
transport  of  a  highly  stable  intensive  ion  beam  with  a  minimum  potential  drop  possible  inside  the  chamber  of  an 
electromagnetic  separator.  Under  low  pressure  conditions,  when  the  ion-electron  instability  is  of  no  importance  because 
of  a  low  growth  rate  and  reduced  space  non  uniformity  of  the  beam,  its  inner  potential  is  determined  by  Coulomb's 
collisions  between  the  beam  fast  particles  and  compensating  electrons,  the  collisions  being  in  no  way  removable  ones. 
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Abstract 

The  results  of  the  computer  simulations  of  electron  beam  emission  and  propagation  m 
various  spatially  inhomogeneous  systems  are  presented.  It  is  shown  that  with  the  ap¬ 
propriate  choice  of  the  geometrical  parameters  the  beam  may  be  created  in  its  squeezed 
state. 


It  is  well-known  that  an  electron  beam  propagating  through  a  vacuum  tube  may  be  m 
one  of  two  possible  states.  The  normal  one,  observed  in  most  experiments  is  characterized 
by  the  lower  density  and,  correspondingly,  higher  velocity.  Carrying  the  same  current, 
another  state  is  more  dense  and  usually  is  thought  of  as  unstable. 


Our  previous  studies  ^  demonstrated  that  an  electron  beam  injected  into  an  inhomo 
geneous  drift  tube  e.g.,  of  the  shape  depicted  in  Fig.l,  under  certain  conditions  may  be 
squeezed  by  the  additional  electric  field  pressure  produced  by  the  outer  wall  step. 


Figure  1. 


Figure  2. 


However,  in  many  experimental  devices  the  magnetically  insulated  diode  (MID)  is  not 
separated  from  the  drift  tube  (Fig.l)  and  we  are  no  longer  able  to  distinguish  the  acceler¬ 
ation  and  the  drift  areas.  The  main  problem  we  discuss  in  the  present  report  is  how  the 
MID  influences  the  electron  beam  in  its  squeezed  state. 

The  outcoming  current  of  the  MID,  Imid->  is  always  less  then  the  limiting  current  of 
the  drift  tube,  4™  ^  This  is  limitation  is  illustrated  by  the  stress  vs.  current  plot  (Fig.3). 
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The  upper  part  of  this  curve  corresponds  to  the 
squeezed  state  of  the  electron  beam.  Besides  the 
current,  the  MID  produces  some  momentum  flux, 
he.,  stress,  that,  in  fact,  was  evaluated  in  This 
stress.  To,  marked  in  Fig. 3,  corresponding  to  the 
conducting  bus  with  (  in  theory)  zero  velocity  and 
infinite  density  is 


^  4e2 ln{R/ro)^^°  “  ^  ’ 

where  70  stands  for  the  diode  voltage,  R  and  ro  is  the  outer  and  the  inner  radii  of  the 
MID,  respectively.  Since  in  the  drift  part  of  the  device,  far  from  the  MID,  the  momentum 
flux  carried  by  the  beam  in  its  squeezed  state  is  in  the  interval 

the  MID  with  a  smooth  outer  wall  cannot  create  the  squeezed  beam. 

We  have  performed  few  computer  runs  by  the  axisymmetric  version  of  the  fully  electro¬ 
magnetic  PIC  code  KARAT  ^  using  various  geometrical  parameters  and  the  same  cathode 
potential,  70. 

First,  we  studied  the  electron  beam  emitted  from  the  cathode  and  propagating  through 
the  device  shown  in  Fig.l.  If  I  mid  <  himr  then  there  is  no  virtual  cathode;  the  corre¬ 
sponding  phase-space  snapshot  is  shown  in  Fig. 2. 

If  I  MID  >  himri  where  lumr  is  the  limiting  current  of  the  wide  tube,  then  there  appears 
a  vortex  in  the  phase  space  (  Fig. 4).  The  emitted  (/em)  reflected  (Ae/)  currents  were 
found  to  obey  the  relations:  lAmj  +  lAe/|  =  I  mid  ,  hm  +  Ae/  =  himr-  Ii^  iFis  case, 
the  single  particle  energy  loss,  e.g.,  due  to  the  collisions,  results  in  the  formation  of  the 
squeezed  state  shown  in  Fig. 5.  This  also  may  be  caused  by  the  emission  of  electromagnetic 
radiation,  but  it  takes  the  beam  much  more  time  to  relax  to  the  squeezed' state. 


Figure  3. 
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Figure  4.  Figure  5. 


In  the  device  shown  in  Fig. 6  ,  the  squeezed  state  appears  in  the  middle  tube  (Fig. 7) 
if  Imid  >  {hirrim  +  himr)l‘^  evcu  without  any  collisions  and  emission  of  e.m. waves. 


Figure  6.  Figure  7. 
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1.  INTRODUCTION 


In  the  recent  years  a  number  of  publications  on  the  electron  emission  from  ferroelectric  cathodes  have  appeared.  The  most 
recent  reviews  are  those  by  Schachter  et  al.'  and  by  Gundel.^  Ferrodielectrics  are  ceramics  containing  the  compounds  PbZrOj, 
La203,  and  PbTiOj.  These  ceramics  are  designated  PLZT  by  the  initial  letters  symbolising  the  metals  involved.  A  cathode  of 
this  type  is  simple  in  construction.  This  is  a  PLZT  ceramic  plate  of  several  milimeters  in  thickness  with  a  solid  silver  layer 
fused  into  the  plate  from  one  side  (a  trigger  electrode,  TE).  From  the  other  side  the  plate  is  covered  with  a  large  number  of 
silver  strips  parallel  each  other  (a  grid).  The  silver  layer  thickness  is  «1  pm  on  both  sides.  The  anode  to  which  an  acceleration 
voltage  is  applied  is  placed  parallel  to  the  grid.  The  grid  is  grounded.  An  up  to  2  kV  trigger  pulse  of  duration  » lO’’'  s  is 
applied  to  the  TE.  In  the  cathode-anode  vacuum  gap  of  the  diode  an  electron  current  appears  which  is  a  hundred  or  more  times 

higher  than  the  Child-Langmuir  current  and  shows  a  pronounced  threshold 
depending  on  the  voltage  applied  to  the  ceramics.  Early  in  the  pulse  the 
electron  current  increases  almost  linearly  with  time;  An  investigation  into  the 
current  structure  has  shown  that  it  consists  of  individual  bursts  that  merge  into  a 
single  flow.^ 


The  PLZT  ceramics  possesses  non-linear  properties.  The  dependence  of  the 
charge  on  applied  voltage  has  a  hysteretic  character. '  The  dielectric  constant  of 
the  ceramics  under  normal  conditions  ranges^  within  (1  -5)  x  10"^ .  The  authors 
of  the  available  publications  do  not  propose  a  convincing  theory  of  the  emission 
observed,  relating  it,  however,  to  special  properties  of  the  PLZT  ceramics.  It  is 
even  stated  that  the  case  in  point  is  an  essentially  new  type  of  electron  emission 
that  they  call  "ferroelectric  electron  emission". 

Recall  that  electron  emission  from  metal-dielectric  cathodes  has  been  known  for 
a  long  time."'  Reviews  of  the  relevant  studies  were  made  in  Ref  5,6,  with 
electron  currents  up  to  10"'  A  achieved.  The  ferrodielectric  cathodes  are 
absolutely  identical  in  design  to  those  described  in  Ref  1  and  2  except  that  it  was  barium  titanate  (BaTiOj  with  £■>  10^)  that 
was  used  as  a  ceramics  component.  (Bellow  it  will  be  referred  to  as  BT  ceramics.)  The  trigger  electrode  was  made  of  fused 
silver,  with  the  grid  consisting  of  thin  wires  scratched  (Fig.  1).  The  height  of  the  T  ceramic  plate  was  several  millimeters,  and 
the  trigger  pulse  had  an  amplitude  up  to  3  kV  and  duration  of  100  ns.  Thus,  our  BT  cathode  had  the  same  design  as  the  PLZT 
cathodes  and  the  parameters  close  to  the  ones  of  the  trigger  circuit. 


Circuit  diagramm  showing  the  connection 
of  the  electron  source. 

1  -  dielectric,  2  -  silver,  3  -  grid,  4  -  anode. 


2.  THE  MECHANISM  OF  THE  ELECTRON 
EMISSION  FROM  BT  CATHODES 


Studies  of  the  BT  cathodes"'"’  have  demonstrated  that  a  fundamental  part  is  played  by  the  triple  points  (TP),  metal -dielectric- 
vacuum,  formed  at  the  sites  where  the  grid  is  in  contact  with  the  dielectric.  At  these  sites  a  discharge  over  the  dielectric  surface 
occurs,  whose  current,  when  passing  through  the  metal-dielectric  contact,  results  in  microexplosions  of  the  microregions  of  the 
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Fig.  2 

The  metal-dielectric  cathode  for  electron  production. 
Seen  are  the  discharges  on  the  surface  of  the  dielectric. 


15  20  25  kV 

U  - ► 

Fig.  3 

Emission  current  from  discharge  plasma  into  vacuum  as 
function  of  the  voltage  at  the  extractor,  with  point  3 
being  in  positive  polarity  with  respect  to  electrode  2. 

Uq  =  1.8  kV  (a),  2.3  kV  (b),  2.75  kV  (c),  and  3. 1  kV  (d). 


grid.  This,  in  turn,  causes  well-studied  explosive  electron  emission 
(EEE).^  These  discharges  over  the  surface  of  BTT  ceramics  are 
illustrated  in  Fig.  2.  Used  as  a  grid  were  thin  copper  wires  tightly 
applied  on  the  ceramics.  The  electron  current  from  such  a  cathode 
was  more  than  an  order  of  magnitude  higher  than  the  Child- 
Langmuir  current.^ 

To  explore  the  part  played  by  TPs  a  special  experiment  was  carried 
out.  On  one  side  of  a  BT  ceramic  disk  of  thickness  ^=2mm  a 
silver  layer  was  applied,  while  against  the  other  side  a  tungsten 
needle  was  retained.  The  needle  served  as  a  diode  cathode,  the 
anode  being  placed  at  a  distance  d  '-'Icm  from  a  cathode.  Voltage 
pulses  of  amplitude  Uq  =  0.4  to  4  kV  and  duration  2,  4,  20  and  50 
ns  were  applied  between  the  silver  layer  and  the  needle.  The 
voltage,  the  current  through  the  ceramics  and  the  electron  emission 
current  from  the  needle  tip  were  measured  simultaneously  and  the 
discharge  glow  was  photographed.  A  voltage  pulse  of  amplitude  U 
up  to  30  kV  and  duration  25  ns  was  applied  to  the  anode.  A 
discharge  near  the  needle  occurred  once  the  voltage  exceeded  some 
threshold  value.  Some  time  later  an  electron  current  appeared  in  the 
diode.  The  discharge  glow  had  the  shape  of  a  sphere  and  expended 
with  a  velocity  AUq,  where  ^  =  5  x  10^  and  2x10^  cm/sV  for 
positive  and  negative  polarity  of  needle,  respectively. 

Figure  3  shows  the  electron  current  as  a  function  of  diode  voltage 
U  depending  on  the  dielectric  voltage  Uq  .  The  increase  in  electron 
current  is  associated  with  a  build-up  of  the  emission  area  with 
speeding  up  the  expansion  of  the  discharge  plasma.^ 


3.  THE  ELECTRON  EMISSION  FROM 
THE  PLZT  CATHODES 


The  above  results  furnish  insight  into  the  mechanism  of  the 
electron  emission  from  PLZT  cathodes.  The  grid  applied  on  the 
ceramics  surface  has  numerous  TPs  on  the  silver  strips.  However, 
in  order  that  these  TPs  be  capable  of  initiating  a  discharge,  there 
should  be  at  least  unit  particles  charged  in  the  neighbourhood  of 
TP.  They  may  appear  when  the  electric  field  is  high  at  the 
metal.  With  the  uneven  edges  of  the  grid  and  the  pores  in  the 
surface  layer  of  the  ceramics  this  field  is  defined  as 
Em  «  Uqs!  S  for  S«£A,  where  A  is  an  effective  gap  at  a  metal- 

dielectric  contact  (Fig.  4).  Since  Uq/S^IO"^  V/cm  and  ^>10^, 
then  we  have  >  10^  V/cm.  Depending  on  the  grid  polarity  this 

field  causes  an  emission  of  positively  or  negatively  charged 
particles  which  may  initiate  a  surface  discharge. 


The  current  in  the  region  of  a  TP  will  be  determined  from  the  relationship  i-U^do!  dt,  where  C  is  the  dynamic  capacitance 
created  by  the  plasma  and  the  TE.  If  tv^  «5,  then  we  have  ,  where  is  the  velocity  of  expansion  of  the 

discharge  plasma  over  the  dielectric.  Hence,  the  current  is  defined  as  i  =  4sq£AUq,  Such  a  current  will  flow  in  the  metal- 
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dielectric  contact  through  an  area  5^  =  (see  Fig.  2).  The  current 
density  through  this  contact  will  then  be  =  ^SqeA  Uq  I  The  metal 
in  contact  will  explode  in  a  time  t^=Ji/  y/,  where  ^  is  a  specific  action 
which,  to  a  first  approximation,  may  be  considered  as  a  characteristic  of 
the  metal.  The  time  will  then  be  found  from  the  relationship: 

(1) 

To  produce  a  uniform  electron  beam  it  is  essentially  that  for  a  large 
number  of  TPs  the  time  be  much  shorter  than  the  trigger  pulse 
duration  4  «t^. 

^  .  .  n1/4 

4« 

For  a  silver  contact  we  have  A  =  0.8x10®  A^cm^'s.  For  4  =  10"®  s,  £«10^  C/o  =  10^  V,and^=5xl0®  cm  s'' V' we  obtain 
from  the  relationship  (2)  4  «2  x  10"^  cm.  This  means  that  for  the  time  4  microexplosions  of  the  metal  will  occur  at  all  the 

triple  points  where  the  contact  radius  is  less  than  10"^  cm.  From  the  explosion  sites  electrons  will  be  emitted  by  FEE 
mechanism. 

Reasoning  from  the  above  considerations  we  shall  offer  an  explanation  for  some  observations  on  PLZT  cathodes.  For 
instance,  their  high  sensitivity  to  the  voltage  at  the  ceramics  follows  from  Eq.  (1),  since  the  time  to  a  microexplosion  is 

proportional  .  The  short  time  current  bursts  are  closely  related  to  the  mechanism  of  EEE.^  Once  EEE  has  occurred,  the 
cathode  plasma  starts  propagating  toward  the  anode  with  a  velocity  v  «  10^  cm/s.  For  a  plane  electrode  the  electron  current 
will  be  written  as  follows:^ 


Tp'h 


Q) 


Configuration  of  contact  metal-dielectric. 

1  -  metal,  2  -  dielectric. 


I  =aU^'^sl{d-vtf 


(3) 


where  <7  =  2.33  x  10"®  AV'®''®,  U  is  the  voltage  across  the  diode,  S  -  the  cathode  area  and  d  -  the  cathode-anode  separation. 
From  Eq.  (3)  it  follows  that  fox  t«d  Iv  the  electron  current  will  be  given  by 


I  «aU 


3/2 


(4) 


i.e.  the  current  will  increase  linearly  with  time,  which  was  just  observed  in  experiment  by  Gundel.®  Formally,  Eq.  (3)  suggests 
that  it  is  possible  to  produce  an  electron  current  considerably  greater  than  the  Child-Langmuir  current  I^l  =  aU^^s I d^,  and 
this  was  actually  observed  both  by  Schachter  et  al.'  and  by  Gundel.®  Moreover,  this  should  be  the  case  for  both  PLZT  ceramics 
and  BT  ceramics.  The  diode  may  be  preliminary  filled  with  plasma  so  that  the  current  would  then  flow  in  the  plasma-filled 
diode. 


The  delay  in  the  appearance  of  an  electron  current  concerning  the  application  of  a  voltage  to  the  ceramics  is,  on  the  one  hand, 
due  to  the  delay  in  the  appearance  of  EEE  and,  on  the  other  hand,  due  to  the  fact  that,  according  to  the  Eq.  (3),  the  current 
increases  as  the  cathode  plasma  propagates  deeper  in  the  cathode-anode  gap.  This  is  why  the  current  is  initially  small  and  it  is 
exactly  this  fact  that  is  taken  for  a  delay  of  the  electron  emission.  Finally,  Gundel®  noted  that  as  the  temperature  of  the  PLZT 
ceramics  was  elevated  to  150°C,  the  charge  of  the  electrons  emitted  by  the  cathode  increases  more  than  twice.  Taken  into 
account  that  the  capacitance  of  the  ceramics,  and  hence  s,  increased  almost  three-fold,®  we  obtain  that  according  to  Eqs.  (1) 
and  (2)  this  causes  an  increase  in  both  the  number  of  microexplosions  and  the  electron  current  from  the  cathode. 
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In  conclusion  it  is  worthy  of  note  that  the  above  estimates  are  of  cause  rough.  However,  we  believe  that  the  concept  of  triple 
points  and  the  explosive  electron  emission  occurring  at  these  sites  seem  to  be  highly  promising  for  the  explanation  of  the 
electron  emission  from  PLZT  ceramic  cathodes.  Furthermore,  the  emission  properties  attributed  to  PLZT  ceramics  are  as  well 
peculiar  to  the  BT  ceramics.”’’’  This  is  quite  evident  that  under  certain  conditions  the  electron  emission  will  appears  with  other 
dielectrics  used. 
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The  solution  of  the  problem  of  a  vacuum  diodes  development  for  a  ribbon  e-beams  of  nanosecond  and 
subnanosecond  time  duration  production  meets  some  obstacles.  They  are  defined  both  by  electrotechnical 
problems  and  by  difficulties  arises  from  e-beam  formation.  This  paper  is  devoted  to  investigation  of 
main  causes  of  a  current  amplitude  limitations  of  the  short-time  e-beams. 

A  capacity  Cn  formed  by  extended  cathode  and  a  wall  of  vacuum  diode  (fig.  1)  may  be  greater  then 
equivalent  capacity  of  high-voltage  generator  Cr  during  the  short-time  ribbon  e-beam  formation.  This  fact 
leads  to  decrease  of  high-voltage  pulse  amplitude  due  to  charge  of  Cn.  This  effect  appears  as  more  as 
greater  the  ra^io  of  Cn  to  Cr. 

Moreover,  this  phenomenon  makes  one  to  doubt  in  opportunity  to  form  ribbon  e-beams  of 
subnanosecond  durations.  Nevertheless,  it  is  possible  to  avoid  this  problems  if  one  performs  the  vacuum 
diode  as  a  line  with  distributed  parameters^  In  this  case  it  is  necessary  to  perform  the  following 
conditions: 


tf  ^  to,  Zg  £  z„  (1) 

where  %  -  is  pulse  increase  front,  t^  -  is  time  of  double  run  of  electric  wave  from  cathode  holder  to 
the  end  of  cathode,  Zg  -  is  wave  resistance  of  generator,  and  Zj  -  is  wave  resistance  of  forming  line. 

The  experiments  to  verify  this  approach  was  performed  on  e-beam  accelerator.  The  latter  was 

described  in  details  in  paper^.  Block-diagram  of  this  accelerator  is  shown  on  fig.  i .  The  forming  line  was 
used  as  accumulating  element  of  the  accelerator  (Cr)  and  was  formed  by  two  cylinders  with  200  mm  and  150 
mm  diameters.  The  inside  cylinder  was  of  400  mm  length,  the  capacity  of  oil  filled  coaxial  line  was  150 
pF.  Wave  resistance  of  the  line  was  10.2  Ohm,  Blowing  discharger  filled  by  nitrogen  at  10  atm.  pressure 
was  used  as  a  switch  P.  Dimensions  of  case  of  vacuum  diode  (2)  were  100x100x1000  mm,  and  dimensions  of 
cathode  holder  (4)  were  50x40x800  mm.  Cathode  (6)  was  designed  in  the  form  of  two  copper  strips  of  25  fiTci 
thickness,  2  mm  width,  10  mm  height  and  720  mm  length  and  stuck  on  the  dielectric  substrate  held  in 
cathode  holder  (5)  (substrate  has  not  shown  on  fig.  1).  Wave  resistance  of  the  vacuum  diode  was  400  Ohm, 
the  cathode-case  (Cn)  capacity  was  130  pF.  The  charge  voltage  of  the  forming  line  rose  up  to  290  kV.  When 
the  conditions  (l)  were  true  the  accelerator  operated  in  the  following  way.  When  discharger  P  switched 
on  then  the  high-voltage  pulse  applied  to  cathode  (6)  from  generator  (l)  via  connector  (3)  in  the  input 
isolator  (4).  The  pulse  extended  along  the  line  formed  by  case  of  vacuum  diode  (2)  and  cathode’s  set  up 
(5,6).  The  voltage  occurred  to  be  doubled  when  the  pulse  was  reflected  from  the  disconnected  side  of  the 
line. 


0-8194-1 58T-2/94/$6.00 


SPIE  Vol.  22591423 


When  the  voltage  rose  up  to  breakdown  in  the  gap  between  anode  and  cathode  the  current  of 
accelerated  electrons  appeared  in  it  and  the  last  ones  propagated  through  the  foil  (7)  to  the  Faraday's 
cylinder. 

High-voltage  pulses  with  1 . 1  ns  rise  time  and  290  kV  amplitude  were  applied  to  vacuum  diode  under 
conditions  described  above.  The  current  of  accelerated  electrons  with  7.1  kA  amplitude  and  4.7  ns  time 
duration  were  obtained  outside  of  the  foil.  Two  types  of  experiments  to  register  the  change  of  the 
accelerator  operation  mode  due  to  violation  of  conditions  (l)  were  performed.  In  the  first  case  high- 
voltage  was  applied  to  cathode  via  additional  inductance  extending  the  front  rise  time  of  the  voltage 
pulse.  The  decrease  of  e-beam  current  more  then  in  two  times  and  tf  increase  from  1.1  to  4.6  ns  were 
shown.  Nevertheless,  the  results  explanation  by  the  change  of  operation  mode  got  rise  the  objections  due 
to  voltage  decrease  on  the  inductance. 

Change  of  operation  mode  by  shortening  of  emission  length  from  72  to  10  cm  and  cathode  holder 
from  80  to  20  cm  with  the  same  characteristics  of  high-voltage  pulse  and  number  of  emitting  sharps  was 
shown.  In  this  case  the  current  decreased  from  7.1  to  2  kA.  Indeed,  in  this  case  the  run  time  along  the 
line  decreased  and  became  significantly  less  than  front  of  voltage  increase.  So  diode  lost  the  features 
of  the  line  with  distributed  parameters  and  as  a  result  the  current  of  e-beam  decreased.  While  existing 
theory  predicted  current  of  e-beam  had  to  increase  (at  least  not  to  decrease)  due  to  decrease  of  Cn  and 
increase  of  the  voltage  on  the  last  one. 

This  approach  permits  to  obtain  not  only  ribbon  subnanosecond  e-beams  but  to  diminish  essentially 
vacuum  diode  overall  dimensions  which  can  be  chosen  by  means  cathode-case  electric  strength  conditions. 
When  the  time  duration  of  high-voltage  pulse  decreased  from  3  ns  to  0.3-0. 5  ns  the  decrease  of  the 
accelerated  electrons  current  was  obtained  in  experiments  to  develop  subnanosecond  cathodoluminescent 

exited  laser^.  The  subnanosecond  e-beam  was  formed  by  the  circuit  adduced  in  paper^.  3  ns  time  duration 
and  200-300  kV  amplitude  high-voltage  pulse  was  produced  by  the  pulse  generator  of  compact  accelerator 

"RAD AN -300"'*.  When  the  pulses  were  applied  to  vacuum  diode  1  kA  current  amplitude  and  3  ns  time  duration 
e-beam  was  obtained  outside  of  the  foil.  The  compressing  line  composed  by  sharpening  and  cutting  off 
dischargers  was  installed  between  the  vacuum  diode  and  the  forming  line  to  form  subnanosecond  pulses.  As  a 
result  the  high-voltage  pulses  with  the  same  amplitude  and  0.3-0. 5  ns  time  duration  were  applied  to  the 
accelerating  gap. 

The  wave  resistance  of  forming  and  transferring  lines  in  the  range  of  40-100  Ohm  not  effected  the 
energy  transfer  from  forming  line  to  e-beam  and  decrease  of  the  interelectrode  gap  from  4.2  to  2.5  mm 
resulted  only  the  slight  increase  of  the  energy  was  found.  The  cathode  was  built  as  a  steel  sharps 
located  on  the  round  with  6  mm  diameter  and  1  mm  step.  In  this  case  1  J  was  accumulated  in  the  forming 
line  and  1-2  mJ  was  transferred  to  e-beam.  The  energy  of  e-beam  increased  to  6-7  mJ  and  half  height  time 
duration  increased  from  0.3  to  0.5  ns  when  continuous  plumbago  electrode  was  installed.  This  fact  may  be 
related  with  specific  activity  of  explosive  emissive  cathodes  in  subnanosecond  pulse  generation  mode. 
Inasmuch  as  time  formation  of  continuous  plsma  layer  afterwards  explosion  of  microsharp  greater  time 
formation  of  e-beam  so  the  latter  might  consist  of  separate  current  filaments.  Their  quantity  will 
correspond  to  quantity  of  exploded  microsharps  and  current  density  would  be  controlled  by  rule  "3/2". 

The  crystals  CdS  was  stuck  on  anode  aluminium  foil  as  a  mosaic  with  typical  dimension  not  greater 
0.5  mm  to  verify  this  suggestion.  In  the  case  of  steel  sharp  cathode  use  the  quantity  of  luminesced 
crystals  increased  from  4  to  9  when  the  length  of  vacuum  gap  was  changed.  Mentioned  above  suggestion  was 
confirmed  in  our  experiments  with  plumbago  cathode.  Separate  luminescence  could  be  registered  when 
interelectrode  gap  was  less  3.5  mm.  Particularly  when  interelectrode  gap  d  ^  i  mm  1-2  of  optionally  not 
the  same  crystals  began  to  luminesce. 
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Consider  the  mentioned  above,  let  us  estimate  the  current  and  the  e-beam  energy  n-sharps  emitter 


as 


4. 


and  e-beam  energy  as 


(2) 


(3) 


where  A=  3,7  U  -  is  potential  between  the  electrodes  of  vacuum  diode,  v==2*10^  cm/s  - 

velocity  of  expanding  anode  plasma,  e  -  energy  of  single  electron,  -  pulse  time  duration.  For  our 
values  U=2-10^  V,  £=1,2 -10^  eV,  tn=3'10’^®  s,  d=0.25  cm  and  for  steel  cathode  values  W=2  mJ  and  1=60  A 
were  obtained.  The  data  obtained  agrees  with  the  experimental  data  quite  well.  As  regards  the  plumbago 
cathode  one  can  assume  that  quantity  of  emitting  sharps  on  it’s  surface  is  greater  in  2-3  times. 

So  this  results  indicate  the  need  to  use  special  procedures  to  form  a  good  plasma  surface  to 
attain  high  accelerating  voltage  during  subnanosecond  e-beam  formation. 
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ABSTRACT 

High-current  ribbon  e-beam  vacuum  diode  was  designed  to  operate  with  RAD  AN  303  compact  pulsed  power  source^ 
for  various  laboratory  research  purposes  and  technological  experiments.  Maximum  e-energy,  200  keV;  peak 

e-beam  current,  1.8  kA;  beam  cross  section,  5x110  mm^;  current  pulse  width,  4  ns;  beam  energy  per  pulse, 
1.5  J;  the  average  beam  power  (in  air)  is  40  W  at  reprate  of  25  pps.  The  parameters  are  given  for  the  40 

fim  aluminum-beryllium  foil  window.  The  diode  operates  under  a  vacuum  of  10"^  to  10'^  Torr.  The  metal- 

dielectric  cathode  and  the  foil  life  time  exceeds  more  than  10^  pulses.  The  pulsed  power  source  permits 
one  to  control  the  diode  voltage  and  change  electron’s  energy.  The  possibility  of  varying  the  cathode 
length  and  anode-cathode  gap  of  the  vacuum  diode  is  also  present.  Weight  together  with  RAD  AN  303  is  31  kg. 


Fig.  1 ,  High  current  ribbon  vacuum  diode  with 

RAD  AN  303  compact  pulsed  power  source. 


1^  INTRODUCTION 

In  some  applications,  such  as  gas  laser  pumping 
pulsed  high  current  ribbon  beams  are  demanded. 
The  rise  of  irradiation  area  is  also  very 
important  for  pulsed  radiation  technology  and 
surface  sterilization.  It  can  be  achieved  by 
combining  a  ribbon  beam  with  conveyor  where  a 
treatment  objects  are  placed. 

The  generation  of  a  high  current  ribbon  electron 
beams  meets  a  range  of  difficulties.  It  is 
necessary  to  ensure: 

-  a  smooth  e-current  distribution  on  the  foil 

window, 

-  the  sufficiently  high  impedance  through  all 

pulse  duration, 

-  high  energy  efficiency  of  the  supply  source. 

Using  a  compact  pulsed  power  source  one  more 
difficulty  takes  place  connected  with  the  presence 
of  a  large  own  diode  capacitance  which  frequently 
is  compared  with  high  voltage  storage  capacitance 
of  such  sources. 

The  design  of  easy  in  operation  ribbon  vacuum 
diode  (Fig.  1)  for  RAD  AN  303  compact  pulsed  power 
source  was  the  aim  of  our  work. 
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^  RAD  AN  303  COMPACT  MULTIPURPOSE  PULSED  POWER  SOURCE 


Compact  RADAN^series  high-current  accelerators  with  a  Tesla  transformer  have  already  demonstrated  their 
large  capabilities  in  the  construction  of  diverse  electrophysical  apparatus,  such  as  relativistic 

millimeter-band  microwave  oscillators,  battery -supplied  X-ray  apparatus  and  gas  lasers^. 

As  with  all  RADAN  systems,  the  backbone  of  this  model  is  a  fitted  Tesla  transformer  with  an  open  core  made 
of  steel.  The  total  capacitance  of  the  Blumlein  forming  lines  is  170  pF.  Principal  RADAN  303  parameters 
are  listed  in  Table  1 .  Smooth  output  voltage  control  is  effected  by  varying  the  high  pressure  spark-gap 
electrode  spacing  without  depressurizing  the  casing. 

Table  1 .  SPECIFICATION  OF  RADAN  303  SOURCE 


Output  voltage  with  a  50  Ohm  load  20  -s-  200  kV 

Forming  line  impedance  45  Ohm 

Rise  and  fall  time  <1  ns 

Pulse  width  4  ns 

Maximum  repetition  rate:  25  pps 

Maximum  power  consumption  250  W 

Weight  27  kg 


Power  supply:  single  fase  mains  220  V,  50/60  Hz 


Dimensions 


405  X  190  X  635  mm^ 


3^  DESIGN  OF  TOE  RIBBON  DIODE 


In  traditional  T-construction  ribbon  diodes  (Fig.  2a.)  anode-cathode  capacitance  is  comparable  to  the 
capacitance  of  the  compact  RADAN  303  source.  As  a  result  the  appreciable  voltage  losses  occur  and  the 

energy  efficiency  of  the  supply  source  decreases.  As  we  can  not  exclude  this  fact  we  try  to  use  a  running 

wave  regime  in  diode  and  so  don’t  charge  the  whole  diode  capacitance  simultaneously.  To  do  this  the 
electrical  length  of  the  diode  must  be  comparable  to  high  voltage  pulse  width.  Such  liner  diode  (Fig. 2b.) 
(L-diode)  represents  the  part  of  a  coaxial  vacuum  line  with  impedance  equal  to  the  impedance  of  the  source. 

The  cathode  is  disposed  along  the  vacuum  line.  The  high  voltage  pulse  is  reflected  at  the  end  of  the  line 

and  redoubled. 


Fig.  2.  Different  design  of  ribbon  diodes. 
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To  ensure  a  current  density  homogeneity  on  the  foil  is  one  of  the  main  problems  of  any  ribbon  diodes.  The 
appearance  of  spots  with  higher  current  density  leads  to  local  overheat  and  fast  foil  destruction.  Metal 
points  and  blades  as  the  cold  cathodes  have  a  limited  life  time  because  of  sharp  edges  get  blunted  during 
operation.  This  fact  increases  the  current  density  irregularity  and  parameters  instability.  We  used  the 
metal-dielectric  cathode  which  work  is  founded  on  fire  a  plasma  in  the  metal-dielectric  contact  in  strong 
electric  field.  Such  cathode  represents  a  range  of  metal  points  pressed  to  dielectric  plate.  The  wear  of 
these  points  during  operation  does  not  change  diode’s  characteristics  because  of  a  constant  presence  of  the 
metal -dielectric  contact.  The  installation  of  the  dielectric  plates  at  both  edges  of  the  cathode  permits 
to  form  sharp  borders  of  the  beam  on  the  foil  and  thus  reduce  the  electron  losses  on  inside  walls  of  the 
diode.  This  construction  makes  it  possible  to  design  a  diode  window  as  a  narrow  slot  and  use  the  body  of 
the  diode  in  the  capacity  of  radiator.  Evenness  of  e-current  density  distribution  along  the  foil  is 

regulated  by  varying  the  points  period  and  anode-cathode  gap.  Investigations  carried  out  earlier^  show  the 
parameters  of  such  diodes  don’t  depend  on  a  dielectric  constant  of  using  dielectrics.  Therefore  thermal 
stable  ceramic  materials  are  chosen  to  increase  the  diode  life  time. 

4^  DIODE’S  CHARACTERISTICS 

Liner  diodes  testing  shows  there  considerable  advantages  in  operation  with  short  4  ns  pulsed  source.  First 
of  all  such  diodes  do  not  require  a  high  vacuum.  The  use  of  a  trapless  mechanical  oil  pump  ensured  a 

vacuum  of  10"^  to  10'^  Torr  is  quite  sufficient.  The  beam’s  homogeneity  permits  us  to  increase  a  current 
density  on  the  foil  up  to  300  A/cm^  at  repetition  rate  of  25  pps.  The  40  /im  aluminum-beryllium  foil  shows 
as  the  best  material  for  such  purposes.  Its  high  thermal  conductivity  permits  to  operate  without  a  forced 
cooling.  Due  to  a  low  heat  conductivity  of  the  50  titanium  foil  window  we  can  take  a  good  picture  of  a 
current  distribution.  This  foil  is  heating  red  in  repetitive  regime  (Fig. 3.).  The  sharp  borders  of  e-beam 
show  a  good  diode’s  efficiency. 

Losses  in  small-sized  accelerators  operated  in  the  repetitive  regime  lead  to  strong  overheating  of 
individual  units.  For  the  RADAN  303  source,  an  approximate  energy  balance  per  one  pulse  is  as  follows: 


Primary 
circuit 
RADAN  303 

Tesla 

Forming 

line 

(200  kV) 

E-beam 

- ^ 

E-beam 
behind  the 
foil  window 

- 

transformer 

diode 

10.0  J 

3.5  J 

1.5  J 

As  can  be  seen,  the  largest  losses  occur  in  Tesla  transformer.  These  losses  are  typical  for  such  compact 
accelerators  because  of  the  need  to  have  some  voltage  reserve  for  reliable  operation  of  the  uncontrollable 
high-voltage  switch.  Principal  diode’s  parameters  are  listed  in  Table  2. 


Fig. 3.  E-beam’s  track  on  the  50  titanium  foil  after  1000  pulses,  50  pps. 
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cathode 


Table  2.  SPECIFICATION  OF  THE  RIBBON 

E-BEAM  DIODE  BEHIND  THE  40  /im 
ALBEMET  FOIL  WINDOW 

Maximum  e-energy 

200  keV 

Peak  e-beam  current 

t.8  kA 

Current  density  on  the  foil 

300  A/cm^ 

Pulse  width 

4  ns 

Beam  cross  section 

5x1 10  mm^ 

Pulsed  e-beam  energy 

1.5  J 

Repetition  rate  in  prolonged  mode 

10  pps 

short  burst 

50  pps 

Average  beam  power  (25  pps) 

40  W 

Weight  (with  RADAN  303) 

31  kg 

air 


V  V  V  V  V  V 

e-beam 


40  urn 
Al-Be  foil 

lO/im  A1  foil 


to  scope 


evacuation 


The  measurement  of  the  electron  current  in  the 
air  have  met  difficulties  because  of  current 
leakage  from  probe  across  the  ionized  gas. 
Only  using  the  vacuum  probe  let  us  to  get  a 
correct  trace  of  e-current  behind  the  foil 
(Fig. 4.).  The  e-beam  energy  was  measured  by  a 
calorimeter. 


Fig. 4.  Trace  of  e-beam  current  behind  the  foil.  Distance 
between  the  window  vacuum  probe  is  of  15  mm. 

After  more  than  10^  pulses  of  continuous  operation  (10  hours  with  repetition  rate  of  25  pps)  the  main 
characteristics  of  L-diode  don’t  change.  Only  slight  corrosion  traces  of  the  foil  by  products  of  an  air 
radiolysis  was  noticed. 


5^  CONCLUSIONS 

Using  a  running  wave  regime  in  vacuum  high-current  diode  there  is  no  need  in  high  vacuum.  High  liner  diode 
efficiency  provides  to  use  compact  pulse  power  supply  sources.  The  stability  of  characteristics  and  long 
life  time  of  L-diode  permits  one  to  carry  out  not  only  laboratory  research  investigations  but  technological 
radiation  experiments  as  well  (e.g.  for  surface  sterilization  of  small  objects). 
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1.  INTRODUCTION 

Water  is  widely  used  as  an  insulator  for  high  power  forming  lines.  Its  high  breakdown  voltage  and  high 
electrical  permeance  gives  a  possibility  to  produce  high  power  density  flux.  But  an  optimal  wave  resistance  for 
cylindrical  water  forming  lines  is  several  ohm.  Consequently,  the  power  addition  schemes  are  necessary  for  low 
impedance  loads.  In  greatest  pulsed  power  installations  "SATURN"  and  "PBFA-II"  (SNL,  USA)  water  power 
addition  schemes  are  used.  On  the  contrary,  "ANGARA-5-1"  (TRINITI,Russia)  scheme  of  power  addition  uses 
eight  separate  MITL  in  vacuum.  Some  experimental  results  of  the  parallel  current  addition  on  a  common  load 
are  described  in  this  report.  A  jitter  of  parallel  modules  switching  is  a  significant  effect  of  "Angara-  5-1"  operation. 
Quantitatively  it  is  a  square  mean  of  time  delay  of  modules  T1-T8,  when  voltage  of  every  module  gets  0.1  of  its 
maximal  value.  These  moments  can  be  defined  with  +/-  2  ns  accuracy. 

2.  ANGARA-5  CONCENTRATOR  DESIGN 

The  vacuum  concentrator  of  "Angara-5- 1"  generator  is  aimed  to  addition  of  currents  of  eight  separate 
modules.  The  output  voltage  of  modules  is  equal  to  IMV,  module  current  -  0.6  MA,  pulse  duration  ~90  ns. 
Different  schemes  of  current  concentrators  were  tested  on  "Angara-5-r  during  10  years  of  experiments  (-3000 
shots). 


Two  discs  concentrator  was  chosen  as  a  most  reliable  and  suitable  one  for  physical  experiments,  in  spite  of  its 
relatively  high  inductivity.  The  concentrator  design  is  shown  at  Fig.l.  It  consists  of  eight  cylindrical  vacuum 
MITLs  with  diameter  30  cm  connected  to  two  flat  disks  with  diameter  60  cm.  The  convolution  from  cylinder  to 
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flat  disk  take  place  in  distance  70-30  cm  from  center  of  concentrator.  The  gap  between  anode  (top)  and  cathode 
(bottom)  disks  decreases  from  3  cm  at  30  cm  radius  to  1  cm  in  central  part  of  concentrator.  Cathode  and  anode 
have  a  cones  with  large  diameter  280  mm  in  their  central  part.  This  cones  shifts  the  load  position  from  gap 
between  disks  upper  the  level  of  anode  for  diagnostic  purposes.  The  total  inductivity  of  disc  concentrator  is  equal 
10  nH  for  liner  length  1  cm  and  liner  diameter  30  mm.  The  total  inductivity  of  all  vacuum  arrangement  between 
water-vacuum  interface  is  equal  17  nH  for  the  same  load  sizes.  The  total  current  through  the  load  was  measured 
by  magnetic  probe ,  consisted  of  8  magnetic  loops,  placed  uniformly  on  radius  14  cm  and  connected  in  parallel. 
The  signal  from  probe  was  registered  by  two  registrators  -  oscilloscope-SRG-5  (1.5GHz,  1  GHz  including  cable 
line)  for  dl/dt  measmements  and  digitizer  (lOOMHz)  for  I=I(t)  measurements  to  obtain  an  instant  information 
about  current  amplitude.  An  error  of  I  measurements  was  65%  with  SRG-5. 

3,  EXPERIMENTAL  RESULTS 


The  experimental  data  presented  are  taken  from  data  base  of  double  liner  experimental  program  on 
"Angara-5-1".  An  imploding  gas  (Xe)  shell  of  100-200  mkg/cm  linear  mass  surrounded  coaxially  an  iimer  liner  (4 
mm,  foam,  agar-agar-5Q%+M0-50%,  200-300  mkg/cm).  Current  up  to  4  MA  passed  through  external  shell, 
accelerated  it  to  V= 5.10 'cm/s.  In  the  moment  of  liners  collision  an  energy,  delivered  by  "Angara-5- 1"  generator 
in  kinetic  and  magnetic  modes,  was  transformed  partially  into  soft  X-ray  radiation  into  inner  liner.  In  some 
experiments  foil  cylinder  was  used  as  an  inductive  load. 
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Fig.2.dl/dt  signals. 
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The  dl/dt  oscillograms  for  different  external  liner  linear  masses  are  shown  at  Fig.  2.  and  Fig.3.  to  outline 
the  main  features  of  dl/dt  in  our  concentrator.  There  are  three  specific  zones:  1-from  signal  beginning  to 
maximum,  2-  from  maximum  to  zero,  3-residual  part.  In  the  first  zone  signal  is  independent  on  liner  mass  and  it 
coincides  with  one  for  inductive  foil  load,  having  the  same  sizes  and  great  mass  in  comparison  with  liner 
parameters.  A  plato  on  the  signal  is  a  result  of  superposition  of  effects  electron  leakage  in  MITLs  and  rising 
voltage  of  generators.  Liner  dynamics  isn’t  significant  in  this  period  due  to  small  liner  velocity  V  and 
compression  c  =  rq/r,  because  linear  liner  impedance  is  dL/dt=Vc/rQ.  The  dynamics  is  more  significant  in  the 
second  zone,  dl/dt  depends  on  liner  mass  strongly.  High  frequency  oscillations  presents  on  dl/dt  signals  during 
time  interval  of  MITL  effective  operation.  The  period  of  oscillations  is  6-1-/-  0.4  ns. 
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5.  JITTER  EFFECTS 


To  analyze  current-jitter  dependence,  we  have  chosen  shots  with  approximately  imiform  distribution  of 
pulse  time  T1-T8  in  a  band  lesser  than  20  ns.  Current  decreasing  for  large  jitters  is  evident.  A  dependence 
between  load  current  maximum  and  jitter  value  is  significant  only  for  the  high  load  mass  (200  mkg/cm), 
correlation  factor  -0.8.  The  correlation  is  absent  for  low  load  mass  (120  and  160  mkg/cm). 


Fig.4.  Dependance 
load  current-jitter 
top-calculation[l] 
bottom-experiment. 


Fig.5.  Dependance  load 
current-load  inductivety 
dot  line  -  calculation 
solid  line-experiment. 


6.  INDUCTIVE  LOADS 


Due  to  the  impedance  of  imploded  liner  isn’t  accurately  known,  we  have  used  metal  cylindrical  load, 
supposing  its  impedance  retains  without  changes  during  the  time  of  pulse.  We  use  this  load  with  different 
diameter  and  height.  Dependence  of  current  through  such  loads  versus  total  inductance  is  shown  on  Fig.5.  In  the 
experiments  presented  on  this  figure  the  total  module  current  almost  doesn’t  change,  as  calculations  predicts. 
Reasons  of  these  losses  may  be  similar  to  one  observed  in  [5]  and  they  aren’t  completely  understood.  Our 
measurements  can’t  separate  them.  These  losses  may  be  due  to  disturbance  of  electron  flow  in  a  region  of 
MITL  -  disk  connection  or  due  to  ion  currents.  The  total  efficiency  of  ciurent  transmission  reaches  90%  for  the 
minimal  inductances  from  presented  on  Fig.5.  This  result  is  in  agreement  with  calculations  [1]. 


7.  ELECTRON  LOSSES  CALCULATION 

Calculations  are  based  on  the  methods  and  code  [1].  This  paper  developed  codes  for  energy  transmission 
through  MITL.  It  takes  into  account  current  losses  in  areas  where  local  current  less  than  critical.  Density  of 
leakage  current  J  was  described  by  expression  J(U,I)=j(U)*F(I/Im(U))  where  Im(U)  -  is  a  minimal  current  in 
Brilluen  approximation,  calculated  in  [3],  F  is  a  model  function.  F  describes  current  losses  decreasing  with 
increasing  of  magnetic  field.  F  equals  zero  if  a  line  current  I  is  larger  than  Im.  Function  j(U)  is  relativistic 
expression  for  "3/2  law  Calculations  [1]  describe  the  dependence  of  losses  increasing  in  the  case  of  nonzero 
jitter.  This  part  of  losses  puts  limitations  on  possible  jitter  value.  Significant  losses  occurs  when  one  module  is 
late.  In  this  case  its  current  is  subtracted  from  a  total  current  of  other  modules.  The  early  starting  of  one  module 
doesn’t  increase  the  losses,  but  the  late  starting  may  be  catastrophic  for  energy  transmission  to  a  load.  Fig  4 
shows  calculated  and  experimental  values  of  the  current,  transmitted  to  the  equivalent  load  as  a  function  of  jitter 
value.  Difference  of  experimental  and  calculated  values  is  negligible  for  small  jitter  and  it  rises  dramatically  if  the 
jitter  is  high. 


8.  DISCUSSION 

Fig.2  shows  good  coincidence  of  dl/dt  in  zones  1-2  for  4  different  shots  with  initial  liner  mass  200 
mkg/cm.  Consequently,  an  accelerated  mass  may  be  equal  in  these  shots.  On  the  contrary,  an  acceleration  of 


SPIE  Vol.  2259  1 433 


liners  with  smaller  masses  (120  mkg/cm)  isn’t  so  contemporary,  it  is  shown  at  Fig.3.  We  can  suppose  that 
different  masses  are  accelerated  from  shot  to  shot  in  this  case.  Taking  into  account  the  absence  of  "current-jitter" 
correlation  in  low  mass  case,  we  can  conclude  that  some  instability  of  initial  parameters  (cmrent  shell  formation) 
or  plasma  current  instability  is  significant  for  low  mass  liner  implosion  efficiency  [6]. 

High  frequency  oscillations  period  is  close  to  the  period  of  electromagnetic  self  oscillations  of  concentrator 
volume,  if  a  velocity  of  electromagnetic  wave  in  operating  MITL  is  equal  to  light  velocity  in  vacuum.  It  allows  us 
to  propose  that  MITL + disk  system  concentrator  is  clean,  there  is  no  plasma  and  no  current  leakage  in  it  during 
liner  acceleration. 

We  can’t  explain  now  the  difference  of  experimental  and  calculated  values  of  the  current  for  high  jitter 

case. 
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Experiments  on  a  microsecond  electron  beam  generation  in  a  plasma-filled  diode. 
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ABSTRACT 


Results  of  experimental  study  of  a  plasma-filled  diode  are  presented.  The  diode  was  filed  by  a 
plasma  from  plasma  guns.  Two  different  regimes  were  tested.  In  the  first  one  the  plasma  cloud  was 
localized  at  the  anode  region.  In  this  case  there  were  not  found  a  stable  low  impedance  mode  of  a 
diode  operation.  In  the  second  regime  the  diode  was  filled  by  plasma  completely  before  a  high  voltage 
pulse  and  an  additional  plasma  cloud  was  also  created  in  the  drift  region.  In  this  regime  a  low 
impedance  accelerating  gap,  stable  during  up  to  5  jus  was  formed. 

1.  INTRODUCTION 


At  the  Budker  Institute  of  Nuclear  Physics  microsecond  electron  beams  with  total  energy  about 
100  kj  *  are  used  for  plasma  heating  in  solenoids  The  beam  is  generated  in  an  axial  planar  diode 
with  cold  emission  cathode  and  then  magnetically  focused  with  compression  coefficient  up  to  20.  For 
efficient  beam-plasma  interaction  it  is  necessary  to  use  a  beam  with  current  density  no  less  then  1 
kA/ cm^.  This  condition  do  not  allow  one  to  increase  the  diode  gap  that  eliminate  the  pulse  duration 
and,  as  a  result,  the  total  energy  of  the  beam. 

New  opportunities  for  increasing  of  energy  content  are  appeared  in  the  case  of  using  of  a  foil  less 
plasma-filled  diode.  For  such  a  diode  there  are  no  limitations  on  the  geometrical  diode  gap,  but  an 
accelerating  gap  is  set  by  initial  plasma  density  in  the  diode  and  by  the  voltage  applied  to  the  diode. 
In  our  previous  experiments  ^  we  found  that  it  is  possible  to  produce  a  stable  microsecond  electron 
beam  in  plasma-filled  diode.  In  this  report  a  new  results  obtained  in  the  experiments  on  microsecond 
e-beam  generation  in  a  plasma-filled  diode  are  discussed.  An  influence  of  the  initial  plasma  density 
and  operating  regime  of  plasma  sources  on  the  beam  generation  is  studied.  The  main  feature  of  the 
operation  of  such  a  diode  is  a  high  current  density  of  the  beam  from  the  very  beginning  of  the  pulse, 
while  the  diode  voltage  has  its  maximum  value. 

2.  EXPERIMENTAL  SETUP. 


Experiments  were  carried  out  at  the  U-1  accelerator  (1.6  MV,  0.2  fiF,  6  Ohm) .  Schematic  of  the 
experiments  is  given  in  Fig.l.  High  voltage  pulse  is  applied  to  the  graphite  cathode  with  the  20  cm 
in  diameter.  Magnetic  field  is  0.5  T  at  the  cathode  and  10  T  in  the  magnetic  mirror.  Beam  collector 
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is  situated  behind  the  mirror  in  the 
magnetic  field  of  0.8  T  to  eliminate 
plasma  formation  at  the  collector. 

For  plasma  production  6  surface 
discharge  plasma  guns  were  used.  The 
guns  were  placed  outside  of  the  ex¬ 
pected  beam  diameter  so  that  the  dis¬ 
tance  between  the  guns  and  the 
boundary  magnetic  surface  cor¬ 
responding  to  the  cathode  edge,  was 
about  1  cm.  To  increase  plasma  dif¬ 
fusion  across  the  magnetic  field  and  as 
a  result  to  improve  the  plasma 
homogeneity  in  the  diode,  plasma  guns 
were  placed  in  the  region  of  maximal 
gradient  of  the  magnetic  field.  In  comparison  with  our  previous  experiments  some  changes  in  power 
supply  of  the  guns  were  made  and  number  of  guns  were  increased  from  3  to  6.  These  changes  allowed 
us  to  decrease  delay  time  between  triggering  of  plasma  guns  and  the  moment  of  applying  high  voltage 
pulse  to  the  diode  and  as  a  result  to  avoid  breakdown  of  vacuum  insulator.  Typically  the  delay  time 
in  these  experiments  was  in  the  range  100-200 /rs. 

Diode  voltage  was  measured  by  resistive  divider.  The  beam  current  at  the  entrance  and  at  the 
collector,  as  well  as  the  net  current  have  been  measured  by  Rogowski  coils.  The  difference  between 
currents  measured  by  different  coils  gives  one  the  beam  losses  in  the  compression  region.  In  some 
experiment  a  thin  foil  (10  //m  Al)  was  placed  in  the  magnetic  mirror. 

3.  EXPERIMENTAL  RESULTS 

Given  in  Fig. 2  are  typical  diode  voltage  and  current  for  the  plasma-filled  diode.  It  is  seen  that 
formation  of  the  quasi-static  accelerating  gap  is  finished  in  —0.5  /ns  after  the  beginning  of  the  pulse. 
In  this  moment  rapid  rise  of  the  diode  current  ends  and  the  current  begins  to  follow  the  changes  of 
a  diode  voltage.  It  seems  that  the  time  of  acceleration  gap  formation  is  determined  by  inductance  of 
high-voltage  generator.  Comparison  of  currents  measured  by  different  Rogowski  coils  shows  that 
the  loses  of  current  (—15%)  are  exist  in  the  transport  region.  This  fact  is  also  confirmed  by  erosion 
traces  on  the  guns  surfaces. 

It  is  convenient  to  compare  diode  operation  at  different  regimes  by  comparison  of  effective 
accelerating  gaps,  calculated  from  oscillograms  of  diode  voltage  and  beam  current.  In  Fig. 3  the  gaps 
calculated  for  different  cases  are  presented:  a)  diode  without  plasma;  b)  one  shot  of  plasma  guns  tu 
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the  moment  10/f  5  before  diode  voltage 
pulse;  c)  and  d)  -  two  shots  of  plasma 
guns,  first  100  before  diode  voltage 
pulse  and  second  at  the  moment  of 
diode  pulse  (c)  or  6  mks  before  diode 
voltage  pulse  (d).  The  largest  ac¬ 
celerating  gap  is  formed  for  the  diode 
without  plasma  filling  (a).  In  the 
regime  (b)  an  accelerating  gap  is 
smaller  at  the  beginning  of  pulse.  The 
difference  in  the  accelerating  gap 
evolution  may  be  connected  with  dif¬ 
ference  in  acting  sources  of  ions.  In 
regime  (a)  the  ions  can  be  emitted  from 
the  collector  surface  and  from 
transport  region  due  to  the  space 
charge  of  the  beam.  In  regime  (b)  the 
transport  region  do  not  filled  with 
plasma  totally  and  ions  can  be  emitted 
only  from  the  boundary  of  plasma 
cloud.  In  this  regime  the  duration  of 
the  beam  was  changed  from  shot  to  shot  from  I  to  4  fis.  Smooth  decreasing  of  diode  impedance  at 
the  end  of  the  pulse,  after  3  ^s,  occur  as  it  seems,  due  to  appearance  and  accumulation  of  electrons, 
oscillating  between  the  cathode  and  magnetic  mirror.  These  electrons  lead  to  increasing  of  the  ion 
current  and  appropriate  increasing  of  the  total  diode  current.  The  current  raise  leads  to  drop  of  diode 
voltage  and  to  additional  raise  of  number  of  oscillating  electrons. 


FIG.2 


In  the  regime  with  preliminary  filling  of  a  diode  with  plasma  (c  and  d,  Fig.3)  accelerating  gaps 
are  essentially  smaller.  The  second  plasma  cloud  which  was  created  in  these  cases  can  be  considered 
as  a  source  of  ion  current.  The  existence  of  this  additional  plasma  source  of  ions  may  be  important 
because  the  plasma  density  responsible  for  charge  separation  at  the  distance  ~5  cm  at  1  MV  voltage 
is  about  10^®  cm'^  and  the  ion  density  in  the  ion  current  is  also  about  the  same  order  of  magnitude. 
In  the  experiments  performed  the  density  of  second  plasma  cloud  and,  as  a  result,  the  ion  current 
were  varied  by  varying  of  the  moment  of  guns  switching.  From  comparison  of  the  regimes  (c)  and 
(d)  it  is  seen  that  the  earlier  creation  of  plasma  cloud  gives  the  possibility  to  obtain  a  low  impedance 
of  a  diode  from  the  very  beginning  of  the  pulse. 
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FIG.3 


4.  CONCLUSION. 


The  experiments  performed  allowed  us  to  find  conditions  for  beam  generation  in  a  plasma  filled 
diode  with  an  impedance  practically  fixed  during  the  pulse.  The  current  density  of  the  beam  (~  1 00 
A /cm  )  is  practically  constant  during  the  beam  pulse  up  to  5  fis.  It  was  found  that  it  is  better  to  use 
a  regime  with  the  diode  completely  filled  by  plasma,  while  for  the  plasma  cloud  localized  at  the  anode 
region  the  diode  operation  was  unstable. 
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ABSTRACT. 

The  powerfull  beam-plasma  amplifier  operating  under  continuous  conditions 
tions  is  described.  The  amplifier  is  designed  on  the  base  of  new  principles 
using  hybrid  plasma-cavity  electrodynamic  structures.  The  theory  and  foundati¬ 
on  of  calculating  the  slow-wave  structures  having  plasma  filled  propagation 
channel  and  interaction  of  electron  beam  with  hybrid  plasma-cavity  sistem  are 
considered. Considerably  increased  power  of  microwave  radiation  and  expantion 
of  the  operating  pass-band  when  the  propagation  channel  is  filled  with  plasma 
is  shown. 


1.  INTRODUCTION. 

The  proposal  and  realization  of  the  hybrid  plasma-cavity  waveguide  [Refs.l 
-3]  is  a  way  to  create  the  powerfull  wideband  beam-plasma  amplifier. This  wave¬ 
guide  uses  an  electromagnet ic-type  waves  excited  in  a  chane  of  coupled  cavi- 
ties(CCC)  to  interact  with  the  electron  beam.  The  waves  propagating  in  such  a 
system  are  electromagnetic-plasma  ones,  the  position  of  the  maximum  electric 
field  strength  on  the  plasma  wave-guide  axis  coinciding  with  that  of  the  power 
flux  outside  the  propagation  channel,  which  is  passing  througth  coupling, 
slots  in  the  walls  of  the  CCC  cells. 

This  made  it  possible  to  start  the  realization  of  hybrid  plasma-cavity  st¬ 
ructure-based  microwave  amplifiers  and  generators  in  practice.  Designing  the 
amplifier  requered  investigations  to  be  performed  in  two  directions. Firstly  it 
was  necessary  to  develop  a  theory  and  to  work  out  a  technique  of  calculating 
of  hibryd  plasma-beam  device,  secondly- to  design  construction  and  technology 

—6  "“S 

of  the  device  the  pressure  of  which  could  be  varied  from  10  to  10  torr  in 
the  area  of  slow  wave  structure.  Here  the  main  problem  was  to  creat  a  cathode 
and  form  a  high  power  electron  beam  operating  steadily  under  elevated  pressu¬ 
re. 


2.  HYBRID  WAVES  IN  PLASMA-CAVITY  SLOW-WAVE  STRUCTURE. 

The  method  of  partial  regions  for  obtaining  the  dispersion  relalation  have 
been  used.  In  Fig.l  the  region  1  corresponds  to  the  propagation  channel  filled 
with  the  magnetized  plasma  and  the  region  2  does  to  the  vacuum  volume  of  a 
single  resonator  cell. 

Based  on  this  mathematical  model  the  program  of  computing  the  characteri¬ 
stics  of  a  system  was  realized,  which  allows  to  get  frequency  dependences  of 
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the  phase  velocity i coupling  resistance  and  ratio  of  energy  fluxes  inside  and 
outside  the  plasma.  In  Fig. 2  the  dispersion  characteristic  of  hybrid  waves  of 
a  system  is  presented  for  the  case  of  dense  plasma  when  the  plasma  frequency 
exceeds  the  frequency  of  the  upper  boundary  of  the  CCC  passband. 

The  efficiency  of  radiation  of  waves  from  plasma  is  determined  by  the  ra¬ 
tio  of  the  external  energy  flux  to  the  internal.  Such  criterium  allows  to  de- 
vide  hybrid  waves  in  two  types:  plasma-like  and  electromagnetic  or  structure¬ 
like. 

In  Figs. 3  the  dependencies  of  coupling  resistanses  R^and  ratios  of  energy 
fluxes  outside  and  inside  the  plasma  channel  on  the  frequency  are  depictured 

1  2 

for  two  types  of  hybrid  waves,  and  Gq^.  As  it  can  be  shown,  the  relative 
width  of  a  frequencies  band  overlapped  by  the  waves  G^^  and  Gq^  together  is 
about  55-60  %,  and  the  coupling  resistance  is  an  order  greater  than  that  for  a 
vacuum  CCC. 


3.  INTERACTION  OF  AN  ELECTRON  BEAM  WITH  HYBRID 

WAVES. 

As  it  was  shown  in  periodic  plasma-cavity  systems  the  variety  of  hybrid 
waves  corresponding  to  a  plasma  wave  with  a  definite  radial  structureof  fields 
arises  which  are  plasma-like  or  electromagnetic. The  energy  fluxes  of  the  pla¬ 
sma-like  are  almost  completely  localized  in  the  propagation  channel  and  they 
can  be  included  into  the  space-charge  field.  And  the  electromagnetic  waves 
have  the  energy  fluxes  localized  primarily  in  cavities  volume  out  of  the  chan- 

1  2  . 

nel.  We  consider  the  waves  of  electromagnetic  tipe(  G^^^  and  G  in  one  radial 

type  eproximat ion )  as  the  active  waves.  Accordingly  to  this  the  equations  of 
an  ordinary  plasma  TWT  [Refs. 4] can  be  used  for  the  solution  of  the  problem  of 
amplification  of  waves  by  an  electron  beam  in  a  plasma  filled  CCC. 

In  Fig.  4  the  dependence  of  the  efficiency  on  the  axial  coordinate  for  a 
hybrid  plasma  filled  amplifier  is  presented.  It  can  be  high  enough  and  is  con¬ 
siderably  greater  than  that  for  a  vacuum  device.  This  points  to  the  possibili¬ 
ty  of  creating  of  new  type  poweful  microwave  amplifiers. 

Figs.  5  illustrate  the  results  of  studying  of  beam  particles  dynamics  and 
bunching  along  the  axial  coordinate.  Bunches  are  compact  and  contain  up  to  70 
per  cent  of  all  particles  what  is  connected  with  the  strong  bunching  action  of 
a  space  charge  at  negative  values  of  the  dielectric  permittivity  e 

z . 


4.  CONSTRUCTION  AND  TESTING  OF  THE  PLASMA-BEAM 
AMPLIFIER. 

Fig. 6  presents  a  schematic  diagram  of  wideband  plasma-beam  amplifier  with¬ 
in  the  centimeter  wavelengh  range.  The  device  is  placed  in  a  magnatic  field  of 
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a  solenoid. 

Fig. 7  shows  a  microwave  power  radiated  in  the  amplitier  mode  as  a  func¬ 
tion  of  pressure  in  the  slow-wave  structure.  The  microwave  power  is  increased 

-4  -3 

2-3  times  with  a  pressure  of  about  1*10  torrs  to  1*10  torrs.  The  power  ge- 

_3 

nerated  in  continuous  operation  at  a  pressure  of  10  torrs  is  up  to  20kW,  the 
electron  efficiency (that  is  a  ratio  of  microwave  power  to  electron  beam  power) 
reaching  up  to  40%. 

The  extended  operating  band  of  beam-plasma  amplifier  is  an  essential  ad¬ 
vantage  of  the  plasma  mode  of  operation.  Fig. 8  gives  amplitude  frequency  res- 

—0  ““3 

ponses  at  a  pressure  of  1*10  torrs  (Curve  1)  and  1*10  torrs  (Curve  2). 

Fig.  9  shows  the  amplifier  amplitude  characteristics  for  different  fre¬ 
quencies  in  the  device  service  pass-band.  It  demonstrates  a  high  quality  of 
amplification  in  a  wide  range  of  frequensies  and  powers. The  comparison  of  the 
presented  experimental  characteristics  with  the  calculated  ones  shows  the  cor¬ 
rectness  of  the  theoretical  representation  of  the  operation  of  a  hybrid  beam- 
plasma  amplifier. 

Th  correlation  of  amplitude-frequency  responses  obtained  for  vacuum  and 
plasma  conditions  is  especially  obvious.  It  confirms  completely  theoreticaly 
predicted  expantion  of  the  pass-band  when  using  a  plasma  mechanism  to  amplify 
the  oscillations. 


5. CONCLUSION. 

The  obtained  experimental  results  [4,5]  support  the  theoretical  represen¬ 
tation  of  the  benefits  of  hybrid  beam-plasma  amplifiers  of  microwave  oscilla¬ 
tions  and  show  their  real  possibilities.  The  pilot  devices  of  plasma-beam  amp¬ 
lifiers  are  created  to  operate  under  continuous  regime  at  power  over  20kW,  ef¬ 
ficiency  of  40  per  cent  and  pass-band  width  of  Af/f=30  per  cent. 

To  our  knowledge  the  attained  combination  of  the  above  parameter  values 
haven't  yet  been  obtained  with  vacuum  amplifiers. The  theoretical  representati- 
tion  shows  even  higher  possibilities  in  the  pass-band  expansion  and  efficiency 
increase. 
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ABSTRACT 

The  Space  Power  Experiments  Aboard  Rockets  (SPEAR)  I,  II,  and  III  investigated  (i)  chmacteristics  of  high 
voltage  in  the  space  environment,  (ii)  various  vacuum  breakdown  models  applied  to  the  space  environment,  (iii)  designs  for 
maintaining  and  utilizing  high  voltage  in  the  space  environment,  and  (iv)  methods  of  grounding  to  control  spacecraft 
charging.  The  ultimate  goal  of  the  SPEAR  program  was  to  develop  design  guidelines  for  system  and  component 
engineering  for  space  power  systems.  SPEAR  I  investigated  how  exposed  high  voltage  systems  interact  with  the  space 
environment.  SPEAR  II  demonstrated  that  exposed  high  voltage  power  systems  could  be  designed  to  operate  in  the  space 
environment.  SPEAR  III  tested  the  effectiveness  of  different  methods  of  "grounding"  the  payload  to  the  space  environment. 

A  critical  component  of  the  program  which  preceded  actual  rocket  launches  was  earth  laboratory  testing  and  full 
scale  mockups  of  high  voltage  payloads.  Such  vacuum  chamber  tests  permit  the  researdier  to  perform  an  experiment  in  a 
controlled  environment  at  a  comparatively  lower  cost.  This  environment  allows  for  the  testing  of  theoretical  models  and 
engineering  designs  prior  to  a  costly  launch,  thus,  the  various  SPEAR  programs  were  simulated  in  vacuum  chambers.  A  few 
of  the  parameters  were  plasma  density,  pressure,  geometry  of  the  payload,  coupling  of  the  payload  to  the  plasma,  payload 
experiments,  and  magnetic  field  orientation  to  the  payload. 

The  mockup  chamber  tests  for  Space  Power  Experiments  Aboard  Rocket  (SPEAR)  I,  SPEAR  II,  and  SPEAR  III 
will  be  examined  in  this  paper.  Specifically,  high  voltage  results  of  mockup  chamber  tests  will  be  compared  with  results  of 
the  flight  hardware  chamber  tests  and  flight  experiments.  The  authors  will  analyze  the  results  obtained  tlnough  the  different 
phases  of  each  of  these  programs  and  determine  the  effectiveness  of  the  simulations  that  were  performed  in  the  vacuum 
chambers. 

LESTRODUCnON 

Future  missions  in  space  will  require  higher  electrical  power  levels  to  fulfill  their  objectives.  Such  missions  will 
include  the  international  space  station,  industrial  manufacturing  platforms,  defense  platforms,  a  lunar  base,  and  a  manned  mars 
mission.  The  space  station  is  expected  to  utilize  75  kW  initially  and  300  kW  of  power  ultimately  to  fulfill  the  requirements 
for  its  operation  and  experimental  objectives.  Power  figures  for  the  other  missions  range  from  100  kW  to  1  MW  of  power. 
Currendy  the  highest  electrical  power  level  of  any  U.S.  spacecraft  is  the  space  shutde  with  a  maximum  power  level  of  36  kW 
for  brief  periods  of  time.  ^ 

The  spacecraft  that  are  currendy  in  use  today  and  the  planned  space  station  will  use  ctesical  insulation  on  their 
power  systems  such  as  solid  or  gaseous  dielectrics.  These  insidators  have  a  large  mass;  suggesting  that  the  power  systems 
of  future  missions  could  compose  up  to  40%  of  the  total  mass  of  the  spacecraft.  Insulators  could  comprise  up  to  30  -  50% 
of  the  total  mass  of  the  power  system.  If  the  ambient  atmosphere  of  low  ea^  orbit  (LEO)  could  be  utilized  as  the 
insulation  for  the  electrical  power  system  then  a  large  savings  would  result  in  mass  reduction.  Thus,  a  smaller  launch 
vehicle  or  increased  experimental  hardware  can  be  utilized  for  the  mission 

2.  DISCUSSION  OF  SPACE  ENVIRONMENT 

The  space  environment  is  a  harsh  environment  in  which  to  operate.  Figure  1  reveals  several  different  phenomena 
present  such  as  plasma,  micro  debris,  vacuum,  microgravity,  radiation,  ^d  atomic  oxygen.  Effects,  such  as  spacecraft 
charging  and  temperature  gradient,  may  be  seen  on  the  payload  during  its  mission  lifetime.  These  phenomena  and  effects 
require  that  designs  for  spacecraft  be  very  resilient  and  impervious  to  the  environment. 

Power  systems  on  the  earth  have  a  data  base  from  previous  experience  that  involves  decades  of  time  and  thousands 
of  research  projects.  Designing  power  systems  to  operate  in  the  space  environment  is  a  relatively  new  field,  thus  desigmng 
power  systems  to  utilize  the  ambient  environment  as  an  insulator  is  still  in  its  infancy.  The  three  SPEAR  experimental 
missions  start  the  data  base. 

3.  SPACE  POWER  EXPERIMENTS  ABOARD  ROCKET  PROGRAM 

The  Strategic  Defense  Initiative  Organization  performed  many  studies  of  advanced  defense  platforms  that  would 
require  very  high  levels  of  power  to  meet  mission  requirements.  It  became  clear  that  any  reduction  in  the  mass  of  these 
platforms  would  be  worth  substantial  research  effort.  One  of  the  areas  that  was  singled  out  was  eliminating  the  need  for 
insulators  by  using  the  ambient  vacuum  as  the  insulating  medium.  This  basic  concept  led  to  the  SPEAR  program. 

The  specific  goals  of  the  program  were  to  determine  the  characteristics  of  exposed  high  voltage  in  the  space 
environment.  This  included  analyzing  spacecraft  charging  and  methods  to  minimize  the  phenomena,  providing  empirical  data 
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for  fine-timing  of  theoretical  models  and  computer  simulations^  and  developing  engineering  designs  that  would  operate  in 
the  space  environment  with  exposed  high  voltage. 
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Figure  1.  Phenomena  present  in  the  space  environment  and  its  effect  on  the  spacecraft. 


SPEAR  I  was  the  first  spacecraft  to  expose  such  high  levels  of  voltage  to  the  space  environment.  Its  objectives 
were  to  gain  a  better  understanding  of  the  physics  involved  in  the  use  of  exposed  conductors.  The  waveform’s  effect  (ramp 
vs.  pulse)  on  discharges  or  breakdown  were  studied.  Additionally,  the  res|X)nse  by  the  plasma  and  electron  sheath  were 
studied  during  the  applied  voltage.  The  last  significant  goal  for  the  SPEAR  I  program  was  to  quantify  the  predicted 
spacecraft  charging  levels  during  the  discharges.  Figure  2  shows  that  the  payload  consisted  of  two  exposed  conducting 
spheres  with  voltage  graded  insulating  booms.  The  pulse  forming  network  was  contained  in  a  gas  insulated  section  of  the 
body. 


Figure  2.  SPEAR  I  payload  with  booms  deployed. 

It  was  determined  that  an  engineering  proof  of  concept  was  to  be  SPEAR  IPs  objective.  This  mission  would 
establish  new  guidelines  for  the  design  of  high  power  space  systems  that  would  use  the  vacuum  of  space  as  an  insulator. 
Figure  3  illustrates  the  major  innovations  that  were  developed  for  the  program  which  included:  a  pulse  transformer,  pulse 
shaping  inductors,  a  voltage  probe,  a  Kly strode,  high  voltage  bushings,  and  a  fiber  optic  cable.^  The  spacecraft  was  to  have 
expos^  100  kV  at  1  MW  of  peak  power  and  335  LA  at  125  MW  pe^  power  directly  to  the  space  environment  with  many 
of  the  electrical  components  using  the  ambient  environment  as  an  insulator.^ 

The  final  experiment  of  the  program  was  SPEAR  III.  This  payload  investigated  spacecraft  charging  as  well  as  the 
possibility  of  the  craft  being  "grounded”  to  the  ambient  plasma.  This  was  done  by  using  four  different  techmques  which 
were  thermionic  electron  emitter,  field  effect  electron  emitter,  hollow  cathode  plasma  contactor,  and  a  neutral  gas  release 
system.  Figure  4  illustrates  the  different  grounding  techniques  and  their  location.  Each  of  these  techniques  was  tested  in 
conjunction  with  a  high  voltage  discharge  to  the  exposed  conductor  to  determine  the  effectiveness  of  its  grounding 
c^ability. 

In  most  of  the  SPEAR  experiments  substantial  ground  testing  was  performed  on  components,  systems,  and 
payloads.  Prior  to  testing  the  payloads,  a  one-to-one  scale  mockup  was  test^  to  ensure  proper  experimental  procedures. 
Breakdown  thresholds  in  the  space  simulation  chambers  were  determined  so  that  the  risk  to  the  payload  was  minimized. 
These  mockups  had  conductive  profiles  that  were  very  similar  to  the  payloads  and  had  the  capability  to  duplicate  the 
experimental  timeline  of  the  payload.  Mockups  provide  the  researcher  with  a  tool  that  is  relatively  inexpensive  and  can  be 


SP/£  Vo/.  22591445 


quickly  modified  for  optimization  of  designs  and  theoretical  models.  The  researcher  also  has  the  ability  to  determine  the 
effects  of  a  given  phenomena  of  the  space  environment  on  the  system  or  on  a  component. 


Figure  3.  SPEAR  II  payload  with  several  of  the  innovative  engineering  components  illustrated. 
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Figure  4.  SPEAR  III  payload  with  the  grounding  techniques  illustrated. 


Space  simulation  chambers  vary  in  their  capabilities  for  simulating  the  space  environment,  however,  some  of  the 
phenomena  are  too  difficult  or  impossible  to  simulate  on  the  earth.  The  chambers  used  in  the  SPEAR  program  can  simulate 
one  or  more  of  the  following:  magnetic  field  orientation  and  amplitude,  plasma  density,  pressure,  real-time  flight  pressure 
profile,  and  ill  umination.  A  few  of  the  parameters  that  could  not  be  simulated  by  the  chambers  used  in  the  program  were: 
radiation  intensity,  particle  debris,  microgravity,  and  plasma  species  composition.  The  facilities  that  were  utilized  by  the 
program  were  NASA's  B2  chamber  and  the  SPF  chamber  at  the  Plum  Brook  Vacuum  Facility,  the  University  of  Maryland 
SPIE  plasma  chamber  facility.  Auburn  University's  space  simulation  facility,  and  the  Naval  Research  Laboratory's  space 
simulation  chamber. 


4.  EXPERIMENTS  AND  RESULTS 

The  SPEAR  program  produced  a  tremendous  amount  of  data  from  the  different  experiments  performed  on  the 
ground  as  well  as  the  flight  experiments.  A  brief  summary  of  some  of  the  major  results  will  be  discussed  in  this  section.  In 
tile  SPEAR  I  program  the  simulations  revealed  new  characteristics  relating  to  current  collection  and  breakdown  under 
ionospheric  conditions.  During  vacuum  chamber  tests  with  high  voltage  anodes  (spheres),  the  presence  of  the  chamber  walls 
coupled  with  the  existence  of  a  weak  magnetic  field  resulted  in  breakdown,  even  with  low  pressure  neutral  gases.  The 
mechanism  responsible  for  this  breakdown  was  the  trapping  of  secondary  electrons,  emitted  by  the  walls  when  they  were 
bombarded  by  the  positive  ions  accelerated  in  the  electric  field  of  the  anode.^  The  sphere  surfaces  experienced  high  currents 
from  the  ambient  environment  for  short  periods  when  high  voltages  were  applied  to  these  surfaces.  Tlie  vacuum  chamber 
results  led  to  speculation  about  whether  or  not  equally  high  currents  would  occur  during  flight,  causing  electrical 
breakdowns  in  the  equipment.  To  prevent  such  breakdowns  during  flight,  protective  components  were  added  to  the  power 
circuitry.^  Several  theories  were  developed  from  the  pre-flight  chamber  tests  and  the  results  of  the  flight  supported  tiie 
following;  no  breakdowns  would  occur  at  the  initial  ionospheric  vacuum  condition,  or  at  pressures  below  this  minimum. 

The  SPEAR  I  experiment  showed  tiiat  high  positive  voltages  can  be  placed  on  isolated  bodies  in  space  without  causing 
volume  breakdowns.^ 

The  SPEAR  II  program  utilized  simulation  chambers  extensively  in  all  stages  of  the  program.  If  there  had  been  no 
chamber  tests  of  the  payload  no  significant  data  would  have  been  obtained  due  to  the  loss  of  tiie  payload  shortly  after 
launch.  The  use  of  these  facilities  led  to  the  successful  development  of  several  key  components  for  the  payload.  The  pulse 
transformer  is  the  best  example  of  this.  It  went  through  several  major  redesigns  before  it  would  perform  properly  and  this 
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would  not  have  been  possible  without  the  use  of  the  simulation  facilities.  The  entire  payload  was  also  thoroughly  tested  in 
these  chambers  and  was  used  to  characterize  and  study  the  volume  breakdown  mechanism.^ 

In  the  last  of  the  SPEAR  missions  vacuum  chambers  were  of  great  use  to  the  program.  The  mockup  produced  a 
large  array  of  data  that  included  all  of  the  payload  experiments  as  well  as  several  experiments  that  provided  data  points  that 
modelers  requested.  Some  of  the  major  observations  from  the  mockup  experiment  were  that  the  body  of  the  craft  was  limited 
in  charging  when  the  sphere  was  grounded;  the  body  had  a  discharge  to  the  plasma  when  the  sphere  was  grounded  and  a 
neutral  gas  was  released;  and  the  sphere  had  a  discharge  to  the  plasma  at  very  low  voltages  and  when  this  occurred  the  body 
was  driven  negative  until  1  kV  was  reached  and  then  breakdown  occurred.  After  the  main  objectives  of  the  experiments  were 
accomplished  a  ’’torus  killer”  plate  was  installed  to  disrupt  the  electron  sheaths  around  the  sphere.  The  ’’torus  killer”  was  a 
flat  aluminum  plate  1.22  m  x  0.61  m.  The  plate  was  not  grounded  and  was  located  in  a  vertical  plane  containing  the  axis  of 
the  high  voltage  boom.  It  came  within  0.28  m  of  the  sphere.  Some  observations  were:  the  body  breakdown  threshold 
increased,  the  body  went  from  negative  potential  to  zero  when  a  neutral  gas  discharge  occurred,  the  sphere  can  maintain  a 
higher  potential,  and  the  observed  voltage  division  was  1/3  to  the  sphere  and  2/3  to  the  negative  body. 

5.  CONCLUSIONS 

The  SPEAR  program  made  significant  use  of  the  available  space  simulation  vacuum  chambers.  These  included 
chambers  at  universities,  industrial,  and  government  facilities.  These  ground  experiments  allowed  the  researchers  to  test  their 
theories,  models,  and  designs  and  go  through  an  iterative  optimization  procedure.  This  technique  is  a  time,  resource,  and 
cost  saver  over  performing  experiments  on  payloads  without  some  preliminary  information  from  ground  tests. 

The  SPEAR  I  program  demonstrated  the  need  for  testing  components,  systems,  and  payloads  in  a  ground  facility. 
Several  questions  need^  answers  prior  to  the  development  of  the  payload  such  as  should  the  boom  with  the  sphere  have 
voltage  graded  rings  or  not.  Through  chamber  tests  it  was  determined  that  graded  rings  were  necessary.  Models  were  fine 
tuned  from  data  that  was  obtained  from  the  SPEAR  I  chamber  tests. 

Vacuum  chambers  in  SPEAR  II  were  utilized  the  most  extensively  of  all  the  phases  of  the  program.  SPEAR  II 
would  have  produced  no  significant  data  from  the  payload  if  there  had  not  been  chamber  tests.  All  of  the  exposed 
components  were  tested  in  ground  facilities.  These  tests  have  begun  the  data  base  for  future  design  of  components  that 
utilize  the  space  environment  as  an  insulator.  The  most  significant  use  occurred  in  the  development  of  a  reliable,  lightweight 
6  to  100  kV,  1  MW  pulse  transformer  that  had  greatly  reduced  bulk  insulating  media  and  solid  insulators.^ 

SPEAR  III  was  the  final  phase  of  the  program.  Many  of  the  component  designs  were  similar  to  those  in  SPEAR  I. 
The  experiments,  however,  greatly  differed  from  SPEAR  I.  The  mockup  testing  provided  a  baseline  of  information  that 
could  be  utilized  to  examine  the  results  from  the  flight  experiment.  This  baseline  included  the  experiments  that  would  be 
performed  by  the  payload  and  also  experiments  that  provided  insight  into  the  interaction  of  the  spacecraft  with  the  space 
environment. 

Simulation  of  the  space  environment  in  vacuum  chambers  has  provided  invaluable  information  for  the  SPEAR 
program  in  all  three  of  its  phases.  This  testing  has  insured  that  components,  systems,  and  payloads  have  met  their  design 
requirements.  Chamber  tests  have  also  provided  data  points  for  computer  models  to  be  compared  with  to  insure  accuracy  and 
reliability.  The  use  of  these  tests  is  clearly  an  asset  to  programs  that  are  similar  in  nature  to  the  SPEAR  program. 
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ABSTRACT 

At  present  report  we  consider  dust  particle  striking  surface  of  a  target.  Swift  impact  is  a  reason  of  a  whole 
sequence  of  mechanical  and  physical  phenomena.  It  generates  spolation  and  crater  formation  (#1),  emission  of 
matter  (#2),  plasma  creation  and  radiation  flash  (#3).  We  have  considered  also  dynamics  of  this  plasma  cloud 
(#4)  in  an  external  electric  field  (charge  separation  and  charge  extraction).  This  consideration  is  important  from 
an  experimental  point  of  view  for  impact  detection  and  analysis. 

TEXT 

0.  In  recent  years  there  has  been  a  noticable  increase  in  interest  in  the  problems  of  impact^.  This  is  due  to 
their  fundamental  applications  in  electrophysics  (dust  impact  initiated  high-voltage  discharge)^^'’^),  space  physics 
(damage  by  space  dust  fluxes)  and  others.  Especially  important  these  problems  have  been  eight  years  ago  during 
the  successful  exploration  of  dust  coma  of  Halley  comet^^"^"^^. 

1.  Here  we  want  to  give  a  short  review  of  the  problem  and  our  results  and  also  to  present  our  previously 
unpublished  results  (concerning  the  plasma  chemistry).  Let’s  begin  with  mechanics  of  impact.  Let  a  ratio  of  a 
kinetic  energy  per  striking  atom  to  a  solid  state  bound  energy  per  atom  or  [y/cy^  is  large  (where  i;  is  a  velocity  of 
dust  and  c  is  a  sound  speed).  Then  a  ratio  of  volumes  of  the  crater  and  the  particle  is  also  large.  Formation  of  the 
crater  takes  a  lot  of  time  in  comparison  with  an  impact  time  d/v  (where  d  is  a  dust  size).  This  is  due  to  a  size  of 
the  crater  and  a  low  velocity  of  its  formation.  The  spolation  of  a  plate  from  a  back  side  can  take  place  in  the  case 
of  a  barrier^®”^).  It  depends  on  a  thickness  of  this  barrier.  A  through  passage  is  formed  at  a  small  thickness. 

2.  Above  we  consider  mechanics  of  the  crater  formation.  Now  let’s  try  to  describe  mechanics  of  emission  of 

matter.  A  knowledge  of  an  energy  of  an  expansion  is  important  for  a  study  of  a  process  of  the  charge  generation 
(cooling  and  evolution  of  ion  composition)  and  separation  (extraction  of  ions  from  moving  cloud).  Our  final  goal  is 
emitted  mass  distributions  at  an  kinetic  energy  scale  and  in  an  angular  space.  We  will  call  them  energy  [dm/dE) 
and  angular  {d'^m/dOdcj))  distributions  or  f{v)  -  dmjdv  distribution^.  We  have  different  distributions  for  matter 
of  the  particle  {fd{v))  and  the  target  (/i(v)).  In  //  <  1  case  the  fd{v)  function  is  rather  simple,  where  //  is  a  ratio 
of  initial  densities  pd  to  pt  of  the  dust  particle  and  the  target^.  It  maybe  characterized  by  one  average  velocity  Vd^ 
For  //  1  the  Vd  is  several  times  smaller  then  v.  For  p  +0  we  have  Vd  v  sm(a),  where  a  is  an  angle  of  impact 

(it  is  measured  from  the  target).  Matter  of  the  target  removed  from  the  crater  are  emitted  into  a  surrounding 
space.  The  distribution  ft{v)  is  a  more  complicated  function  than  fd{^)-  A  computer  simulation^^^’^^)  shows  that 
the  distribution  ft{v)  consists  from  three  (2  +  3  +  4)  parts,  see  Fig.l,  where  these  parts  are  shown  in  circles.  In 
an  expansion  velocity  space  v  the  asymptotic  distributions  fd{^)  and  ft{v)  are  contiguous  with  each  other  at  some 
contact  boundary  d/i.  At  Fig.l  a  part  1  (it  is  marked  by  digit  1  inside  a  sircle)  corresponds  to  the  distribution 
fd{^)‘  The  distributions  fd{^)  and  fi{v)  are  shown  by  dash  and  solid  lines  correspondingly.  An  overlap  of  the 
fd{v)  and  ft{v)  distributions  at  Fig.l"^  is  due  to  an  integration  of  the  dmjdv  distribution  with  respect  to  velocities 
Vx  and  Vy  which  are  parallel  to  the  surface  of  the  target^ . 

The  part  2  (in  a  sircle)  at  Fig.l  is  a  high  velocity  ’’head”  of  the  distribution  Its  integral  mass  is  of  order 

of  a  mass  of  the  dust  particle  m^f.  If  the  densities  ratio  p  is  significantly  larger  than  1  then  the  part  1  will  be 
inside  the  part  2.  This  means  that  the  ’’head”  will  expand  with  higher  velocities  than  matter  of  dust  will  do.  The 

^For  example,  special  conference  has  been  organised  rather  recently  by  Academy  of  Science  (National  thermophysics 
and  thermoenergetics  council,  Institute  for  high  temperature,  National  council  for  low  temperature  plasma  and  others): 
^‘'Physics  and  technics  of  high  velocity  impacf\  Vladivostok,  1990. 

^(i)  Usually  all  of  these  distributions  are  normalized  at  a  mass  md  and  velocity  u  of  the  colliding  particle. 

(ii)  Asymptotically  at  t/(d/t;)  — >•  oo  one-to-one  correspondence  of  points  in  lagrangian  and  velocity  spaces  is  settled. 

^This  ratio  is  an  important  parameter  of  the  problem  of  impact^^®’^^^. 

^It  seems  that  this  is  inconsistent  with  an  existence  of  the  dji  contact  boundary  in  v  space. 

^Here  x^y  axes  belong  to  a  plane  surface  of  a  target  and  z  axis  is  perpendicular  to  this  surface. 
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part  3  corresponds  to  a  power  law  band  of  the  velocity  distribution(^°\  This  part  is  a  some  ”  bridge”  which  joins 
the  high  velocity  ”head”  (the  part  2)  and  a  low  velocity  ”tail”  (the  part  4)  of  the  distribution  ft{v),  A  density  of 
mass  (per  (^km/ sec)^  or  km f sec)  raises  in  a  low  velocity  direction.  Therefore  the  ”tail”  is  an  ’’infrared  cutoff  of 
masses  involved  in  motion.  It  contains  the  most  part  of  mass.  It  consists  of  vapour,  droplets  and  solid  spolation 
fragments.  Matter  in  this  ’’tail”  moves  slowly.  Its  velocities  is  some  fraction  of  c. 

3.0.  Impact  gives  us  an  example  of  an  ’’interference”  of  hydrodynamical  (mechanical)  and  physical^  phenomena. 
Physics  of  charge  production  is  a  most  important  question  from  a  point  of  view  of  a  break-down  of  a  vacuum 
insulation.  Let’s  consider  this  question.  Let  x  is  an  ionization  degree.  Then  a  contribution  dQ  in  a  total  charge 
of  given  mass  dm  with  its  own  local  degree  of  ionization  is  dQ  =  {dm/fhi)Xi  where  m,-  is  an  average  ion  mass.  A 
juxtaposition  of  lagrangian  (”frozen-in”)  ’’maps”  of  mass  (M),  ionization  degree  {xY  and  charge  (Q)  are  shown 
in  Fig.l  (circles  1-4  correspond  to  parts  of  the  emission  cloud  described  above).  High  velocity  parts  1  and  2  give 
a  main  contribution  into  the  total  charge.  They  are  hatched  in  Fig.l  (hatched  rectangles).  Matter  contained  in 
these  parts  have  gone  a  maximum  heating  during  impact. 


Fig.l.  A  structure  of  emission  and  a  distribution  of  a  residual  ionization  in  emitted  matter. 
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If  we  decrease  velocity  v  of  impact  then  a  width  of  power  law  band  (the  part  3  in  Fig.l)  on  a  velocity  axis  will 
also  decrease.  The  decrease  of  v  leads  to  a  coming  together  of  characteristics  of  the  parts  1  and  2  from  one  side  to 
characteristics  of  the  part  4  from  another  side.  This  leads  to  a  decrease  of  the  total  charge.  A  case  of  very  small^ 
values  of  x  requires  to  include  into  consideration  a  thermo-  and  autoelectronic  and  ionic  processes  at  a  surface. 
Here  we  consider  the  case  of  rather  high  velocity  impact  when  the  contribution  of  these  processes  is  small.  Now 
let’s  go  to  a  description  of  our  model. 


3.1.  The  description  consists  of  two  parts.  In  the  first  we  present  an  initial  state  of  matter  after  impact.  And 
in  the  second  part  (3.2)  we  describe  an  evolution  of  an  ion  composition  during  the  expansion  stage.  This  evolution 
is  described  by  a  system  of  ordinary  differential  equations.  It  is  necessary  to  find  an  initial  point  to  integrate  this 
system.  This  point  corresponds  to  the  thermodynamic  state  after  initial  shock  waves.  A  calculation  of  this  state 
has  been  done  in  a  following  way.  We  have  calculated  shock  adiabats  for  dust  and  target  substances^ .  After  that 
we  have  found  an  intersection  of  a  pair  of  adiabats  at  an  equal  pressure.  This  intersection  (Fig. 2a)  gives  us  the 
desired  initial  point.  A  free  energy  F  have  been  approximated  as  a  sum  of  ideal  (electrons  and  ions)  and  non-ideal 
parts  F  =  Fid  +  F  Fss,i  +  Fcorr,  where  Fss,e  and  Fgg^i  are  corrections  due  to  an  excluded  volume  for  electrons 
and  ions  correspondingly  and  Fcorr  is  a  coulomb  correction.  This  model  are  called  a  chemical  model.  It  gives 
satisfactory  values  for  an  internal  energy,  temperature  and  ion  composition.  The  only  inadequacy  is  a  excessive 


® Physics  of  break  down  of  substance  at  a  load;  equilibrium  and  nomequilibrium  thermodynamics  in  a  wide  range  of 
variation  of  parameters;  plasma  physics. 

^Here  is  shown  a  distribution  of  a  residual  ionization  Xoo-  A  definition  of  Xoo  will  be  done  below  in  chapter  3.2. 

®In  a  very  crude  approximations  the  x  is  of  order  of  10”®  in  this  case.  Corresponding  v  is  of  order  of  several  km/ sec. 
^It  has  been  done  for  different  pairs  of  substances,  such  as:  ^^2^,  5z02,  Fe203  and  Ag^Au,  Pi. 
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softness  of  an  equation  of  state^°.  We  add  terms  Fgs  connected  with  the  solid  spheres  volume  (an  index  ss  means 
solid  spheres)  to  improve  this.  We  forbid  a  stay  inside  spheres  for  electrons  and  ions  both.  This  is  a  difference 
between  our  approach  and  an  approach  developed  in  a  previous  work^^^^  of  others  authors.  We  choose  such  value 
for  the  relative  volume  of  spheres  u  to  obtain  experimental  values  for  the  compression,  where  i/  is  VssjV  and  Vss 
is  the  volume  of  spheres.  A  variation  of  shock  adiabats  as  a  function  of  u  for  Al  are  shown  in  Fig. 2b.  The  best 
results  have  been  obtained  a,t  u  =  7%  in  matter  before  shock. 


Fig. 2a.  The  intersection  of  shock  adiabats.  Impact  of  Ag  and  Si02  with  v  =  80^m/sec.  Plasma  parameters 
at  the  intersection  point  are:  for  5/02  :  X  =  2.95, T  =  42e.K,  the  internal  energy  E  =  280e.K,  density  after  shock 
{g/crrF)  ps  =  8.4  and  for  Ag  :x~  4.05,  T  =  45e.K,  E  =  397e.K  and  ps  =  37.7.  Fig.2b.  An  example  of  a  family  of 
adiabats  for  different  values  of  i/,  here  pbs  is  a  solid  state  density  before  shock  and  psi pbs  is  a  compression  factor. 

3.2.  Let's  present  a  physical  model  of  the  evolution  of  the  plasma  composition.  For  an  electrophysical  applica¬ 
tions  the  most  important  is  a  question  about  a  residual  ionization  degree  Xoo  ^-^d  a  residual  charge.  An  existence 
of  Xoo  is  caused  by  a  violation  of  a  thermodynamic  equilibrium.  The  evolution  is  described  by  a  following  system 
of  kinetic  equations:  dE/dt  =  -pV  -  Eehc  -  Erad]  dNm/dt  -  Qm,nNn^  Here  the  first  equation  describes  a 
cooling  (pF,  Eehc  and  Erad  are  mechanic,  electron  heat  conduction  and  radiation  loses)  and  the  second  the  compo¬ 
sition  (fi  =  are  frequencies  of  collisional  and  radiation  transitions).  The  internal  energy  equals  to  E  == 

3(x4-l)T/2-hW,  where  x  =  Y^a  Ym  Na^m  is  a  number  of  m-charged  ions  of  element  a.  Indexes  a  and  m  nu¬ 

merates  chemical  elements  in  mixture  and  number  of  ionization^^  and  W  —  Ya  Ym  Ea,mQa,m  is  an  energy  stored 
in  ionization,  where  Qa,m  =  Y^i  7a, /-s  are  ionization  potentials,  /a,o  =  Qa,o  —  0.  The  heat  conduction 

loses  are:  Eehc  =  0.87  10^'^T^-^Vhi/x/'^  Coefficients  see(^^d7)  radiation  loses  are:  Erad  =  (E^b^  A E~^^)~^ , 
where  Ebb  is  a  black  body  radiation  and  Eyoi  is  a  volume  loses.  The  last  equals  to  E^joj  =  Ebs  T  Ephrec  +  Espnt, 
where  Ebs  is  a  bremsstrahlung  radiation,  Ephrec  =  3.72  Ya  Ymi^'^/'^  +  ^  is  a  pho¬ 

torecombination  and  Espnt  is  a  spontaneous  lines  emission  due  to  transitions  between  excited  states.  Probabilities 
of  spontaneous  transitions  have  been  calculated  by  Cramer's  formula,  populations  of  excited  states  have  been 
estimated  by  Boltzmann  formula  and  energies  of  excited  states  have  been  taken  from  reference  book.  Collisional 
matrixes  Q  are:  =  /e/rec(^i  m  —  1)  —  0  —  1.7  is  a  three  body  recombi¬ 
nation,  =  fi{m  m  -h  1)  =  ax,  is  an  electron  shock  ionization  and 

=  -fi{m  ^  m-\-l)-feirecim^  m-1).  Radiation  matrixes  Q  are  photorecombination  matrixes:  = 

<i>phrec{m  m  -  1)  =  aphrecX,  Ephrec  =  3.72  /V/T^  \  =  -<l>phrec{m  ^  m  -  1),  =  0. 

^®A  compression  after  shock  wave  is  several  times  higher  than  an  experimental  one. 

^^We  include  multiple  ions  till  to  m  =  10. 

^^Where  E  is  in  e.V./sec,  Tand  I  in  e.K,  Vh{km/sec)  is  a  hydrodynamic  expansion  velocity  taken  from  simulation  of 
emission  of  matter  after  impact,  t  is  a  time  in  sec,  ri(l/cm^)  is  a  density  and  V  is  a  volume  per  particle  in  cm^. 
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The  main  difference  between  our  model  and  those  developed  before^^^’^^"^^)  is  an  inclusion  of  electron  heat 
conduction  loses^^.  It  has  been  found,  that  this  is  important  for  small  dust  particles  and  high  velocities  of  impact. 
Particularly  it  changes  the  dependence  of  x  on  mass  rud  in  principal  manner.  In  our  model  the  dependence 
xi'^d)  has  a  maximum  at  some  merit-  In  previous  models  xi'^d)  was  a  monotonic  function.  For  v  of  order 
of  several  tenth  of  km/ sec  we  have  merit  of  order  of  g  (submicron  particles).  The  decrease  of  md  leads 

to  the  decrease  of  x  and  to  the  increase  of  the  coefficient  of  discrimination  ^  of  ions  with  high  first  potentials 
of  ionization  (see  Table)^"^.  In  the  case  of  oxides  (double  elements  substances)  ^  gives  a  ratio  of  the  degree  of 
ionization  of  element  to  degree  of  ionization  of  oxygen  ^  =  Xeimntlxo,  Xeimnt=a  = 

X  <  1  then  Xeimnt=a  ^  ^a,i/(A^a,o  +  A^a.i)  «  A^a,i/A^a,o.  An  example  presented  in  the  Table  is:  Ag  target, 
V  =  78km/sec,  a  =  30°. 

Table.  The  fraction  of  the  energy  losed  by  the  heat  conduction,  in  the  curly  brackets  values  of  Xoo  and  the 
coefficient  of  discrimination  All  of  them  as  a  function  of  a  substance  and  mass  of  dust  parti cle . 


Mass  (md),  g 

- To^n 

iF^’ 

10-15.5 

H2O  (m.  =6) 
Si02  (mi  =  20) 
Fe203  (fhi  =  33) 
Fe  (rhi  =  56) 

3%  {19%}  1 

3%  {69%}  2.3 

4%  {71%}  2.3 

4%  {107%} 

15%  {28%}  1 

19%  {70%}  2.2 

27%  {73%}  2.3 

29%  {110%} 

72%  {12%}  1 
45%  {43%  }  2.5 

88%  {12%  }  6.8 
81%  {50%} 

4.  A  limitation  of  a  text  volume  do  not  allow  us  to  give  a  review  of  our  results  on  self-consistent  space  charge. 
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^^Other  differences  are:  (i)  an  approximation  of  an  instantaneous  "freezing”  of  the  ion  composition  were  frequently  used 
and  (ii)  sometime  authors  did  not  calculate  the  thermodynamic  state  during  the  initial  equilibrium  stage  of  the  expansion 
of  matter  and  exchange  the  real  dependence  by  an  isoentropy  curve  with  fixed  index  of  adiabat  7. 

^^An  oxygen  and  a  hydrogen  have  the  same  potentials,  therefore  in  the  case  of  ice  H2O  we  have  £  =  1.  A  Si  and  Fe 
have  smaller  potentials,  therefore  in  the  case  of  significant  cooling  (if  x  <  1)  we  will  have  ^  >  1  and  the  ratio  of  numbers 
of  single  charged  ions  will  not  correspond  to  the  stoichiometric  ratio. 
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ABSTRACT 


Investigations  of  fault  arc  propagation  on  spacecraft  cables  under  spacecraft  specific  conditions,  e.g.  vacuum, 
normal  and  oxygen  enriched  atmosphere  have  been  performed.  Typical  patterns  of  fault  arc  extinction  have  been 
identified  and  their  consequences  with  respect  to  causes  of  damages  are  discussed.  The  results  indicate  that  for  a 
given  test  current  and  test  voltage  the  behaviour  of  the  arc  and  the  damages  caused  in  a  cable  bundle  depend 
strongly  on  the  kind  of  insulation  material,  cable  size  and  design  as  well  as  on  the  environmental  conditions.  For 
some  cables  the  arc  propagation  effects  are  increased  at  higher  oxygen  partial  pressure  and  significantly  increased 
under  vacuum.  In  many  cases  vacuum  has  turned  out  to  be  an  important  worst — case  parameter.  It  was  found 
that  the  amount  of  damage  assessed  by  post — test  measurements  increases  substantially,  if  the  value  of  the  test 
current  grows. 


1.  INTRODUCTION 


In  many  recorded  incidents  in  air  and  space  flights,  the  failure  has  been  identified  to  be  the  result  of  fault  arc 
propagation  along  bundles  of  polyimide  cables  through  degradation  of  the  insulation.  I’ ^  first  this  failure  type 
was  called  “carbon  arc— tracking"  (because  of  the  carbon  or  graphitic  path  created  by  thermal  degradation  of  the 
insulation  due  to  high  arcing  temperature)  but  the  term  "carbon"  was  quickly  dropped  and  now  even  "tracking" 
seems  inappropriate  to  describe  this  failure  mechanism.  At  present,  most  accepted  terminology  refers  to  the 
process  as  "arcing  failure"  or  "fault  arc  failure".  This  change  in  terminology  follows  the  historical  path  of  the 
phenomenon  from  the  first  identification  of  faults  of  polyimide  cables  to  the  analysis  of  the  arcing  effect  on  any 
cable  insulation  system.  Aircraft  organisations  are  aware  of  this  phenomenon  and  have  tried  to  provide  solutions 
to  cope  with  this  new  type  of  wire  failure,  i.e.  modification  of  cable  design  and  manufacturing  processes  as  well  as 
development  of  new  test  methods  of  cables.  A  comparison  of  some  available  "arc  tracking"  tests  performed  by 
TH  Darmstadt  and  DASA — pointed  out  that  these  test  methods  and  standards  developed  to  qualify  the 
aircraft  cables  do  not  cover  the  electrical  and  environmental  conditions  in  spacecraft.  Therefore  a  new  test 
method  should  be  established.  Since  the  available  database  of  arc  failure  testing  of  cables  foreseen  for  application 
in  spacecraft  is  very  limited  relevant  investigations  on  harnesses  under  spacecraft  specific  conditions,  e.g.  vacuum, 
oxygen  enriched  atmosphere  and  normal  air  have  been  performed.  The  purpose  of  these  investigations  is  to 
achieve  fundamental  information  about  the  fault  arc  phenomenon  and  its  relevance  on  spacecraft  cables, 
especially  its  consequences  for  the  operation  ability  of  the  spacecraft  network.  It  is  expected  to  achieve  a  database 
allowing  one  to  develop  a  suitable  test  method  for  the  assessment  of  fault  arc  resistance  of  different  spacecraft 
cables. 


2.  TEST  EQUIPMENT 

A  schematic  diagram  of  the  test  system  is  given  in  Fig.  1,  The  test  arrangement  can  be  divided  into  seven 
independent  units:  the  DC  Power  Source  (1),  the  Power  Control  Unit  (2),  the  Variable  Resistor  (3),  Coil  (4), 
Test  Chamber  (5),  Vacuum  and  Gas  System  (6)  and  Measuring  and  Recording  Devices  (7).  The  DC  power  source 
(1)  consisting  of  11  DC  battery  elements  of  12V/40  Ah  in  series  and  providing  controlled  voltage  ranging  from 
12  V  to  132  V  is  used  to  supply  the  electrical  arc  initiated  on  the  cable  bundle  (test  specimen).  The  power 
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control  unit  (2)  is  used  to  switch  on  and  switch  off  the  test  current  and  to  adjust  the  relevant  switching  cycle 
and  the  test  current  value.  A  switching  cycle  is  applied  such  as:  C— ts— O— tp— C— ts— O,  where  C  —  close,  O  — 
open,  ts  —  supply  duration  of  10  sec.,  tp  —  pause  of  3  minutes.  The  power  control  unit  consists  of  the  following, 
manual  safety  disconnecting  switch  (2.2)  and  power  contactor  (2.3)  controlled  manually  or  by  a  timer  (2.1), 
double— throw  switch  (2.6),  measuring  equipment  such  as  meters  for  voltage  (2.5)  and  current  (2.4)  as  well  as  a 
voltage  divider  (  2.7  )  and  a  shunt  Sh  (  2.8  )  providing  output  signals  for  the  transient  recorder.  A  variable 
resistor  (3)  is  provided  for  limiting  the  arc  current  and  adjustment  of  the  test  current  at  the  cable  bundle  under 
test.  A  coil  (4)  of  17  mH  is  applied  for  arc  stabilizing.  In  order  to  conduct  fault  arc  investigations  under  different 
environmental  conditions,  e.g.  vacuum,  oxygen  enriched  atmosphere,  different  internal  pressure  etc.,  the  test 
chamber  (5)  is  designed  as  a  vacuum  tube  (T — shaped  tube)  made  of  stainless — steel  of  about  250  mm  diameter 
and  50  cm  length  with  two  250  ISO-K  flanges  at  the  tube  ends.  One  of  them  is  needed  with  respect  to  the 
connections  to  the  vacuum  and  gas  system  and  the  other  one  is  required  as  a  carrier  of  the  bushings  being  a  part 
of  the  electrical  system.  An  additional  250  ISO— K  flange  is  used  for  the  view  port  and  is  placed  in  the  middle  of 
the  tube  to  enable  visual  observations.  Inside  the  test  chamber  a  mechanical  support  (5.1)  is  needed  to  stabilize 
the  position  of  the  test  sample.  The  vacuum  and  gas  system  (6)  consists  of  the  turbomolecular  pump  and  backing 
pump  (6.5)  with  all  necessary  connecting  and  control  elements  for  vacuum  generation  and  internal  pressure 
measurement.  The  pumping  units  produce  hydrocarbon — ^free  high  and  ultra  ^high  vacuum  (UHV)  up  to  1*10 
Pa.  The  pressure  measurement  system  consists  of  two  vacuum  gauges  for  semivacuum  (6.3)  and  UHV  (6.4)  and  a 
manometer  (6.2)  for  reduced  pressure  of  about  10  ...  2000  hPa.  The  dosing  valve  (6.1)  is  used  to  adjust  the  gas 
pressure  and  the  relevant  gas  mixture  of  O2  and  N2.  Measuring  devices  such  as  AC  RMS  or  DC  current  (2.4)  and 
AC  RMS  or  DC  voltage  (2.5)  meters  (precision  1%)  is  used  for  the  measurement  of  the  test  current  and  test 
voltage.  Arc  current,  arc  duration  and  arc  voltage  are  recorded  by  a  transient  recorder  (7.3)  with  the  help  of  a 
shunt  (2.8)  and  a  voltage  divider  (2.7).  The  test  results  are  stored  by  the  personal  computer  (7.4)  and  printed  by 
a  printer  (7.5).  A  checker  of  conductor  continuity  and  a  megger  of  500  V  (7.1)  is  used  for  the  post— test 
measurement  and  a  video  system  (7.6)  for  the  visual  observation  of  testing. 

The  test  specimen  consists  of  an  assembly  of  seven  200  to  250  mm  long  cables  cut  from  a  continuous  piece. 
Each  of  the  cable  ends  are  stripped  of  insulation  to  permit  electrical  connection  to  the  metallic  terminals  of  the 
electrical  circuit.  Two  of  the  cables  of  each  cable  bundle  are  damaged  by  inflicting  a  cut  around  the  total 
circumference  at  the  mid  point  of  the  total  length  by  using  a  scalpel.  The  cut  provides  missing  insulating 
material  with  a  width  of  approx.  0.5  mm  (Fig.  2).  The  two  damaged  cables  are  arranged  with  five  undamaged 
cables  in  a  six  around  one  configuration  as  shown  in  Fig.  2.  The  cables  1  to  7  are  numbered  as  shown  in  Fig.  2 
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Table  1:  List  of  cable  types  tested 
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Fig«  2;  Test  sample  conllguration  ETFE  =  Ethylene  Tetrafluoro-Ethylene;  PI  =  Polymide; 

PTFE  =  PolytetrafluorethyJene 

HR616  =  Special  Design  (see  ESA  SCC-Spec.) 

Material  of  conductors/Plating;  Copper/Silver 

such  that  the  damaged  cables  are  number  3  and  4  and  the  centre  cable  is  number  7.  For  the  arc  ignition  one 
thin  copper/silver  strand  of  about  0.1  mm  diameter  and  a  resistance  of  about  2,0  Q/m  is  used  as  an 
exploding— wire  initiator,  when  connecting  the  two  damaged  cables  in  the  area  of  the  notches.  The  test  specimen 
is  arranged  horizontally  in  the  holder  of  the  mechanical  support  inside  the  test  chamber.  One  of  the  bundle  ends 
is  connected  by  means  of  a  plug  to  the  metallic  terminals  of  the  bushings  at  the  test  chamber  flange  while  the 
other  end  of  the  bundle  is  connected  to  the  terminal  board  of  the  holder  (floating  potential  of  terminals). 


3.  RESULTS 


Investigations  of  the  fault  arc  behaviour  on  cable  bundles  made  of  9  different  cable  insulation  systems  (see 
Table  1)  were  performed  with  the  help  of  the  test  system  described  above. 

Test  environments  were  defined  as: 

—  normal  air  at  atmospheric  pressure 

—  dry  gas  mixture  of  30%  Vol  O2  and  70%  Vol  N2  at  a  pressure  of  700  hPa  (socalled  "emergency  conditions") 

—  dry  gas  mixture  of  24.5%  Vol  O2  and  75.5%  Vol  N2  at  atmospheric  pressure  (  "enriched  oxygen  conditions") 

—  vacuum  (p  <  10“2pa). 

Test  currents  were  adjusted  in  the  range  of  6  A  to  30  A  at  the  quasi— constant  test  voltage  of  125  V  —  132  V,DC. 
Up  to  now  more  than  250  tests  have  been  performed  to  gain  basic  understanding  of  physical  phenomena  related 
to  fault  arcs  on  cables  and  to  define  the  main  parameters  of  influence. 

Transients  of  the  arc  current  and  the  arc  voltage  provide  very  important  information  about  the  arc  behaviour, 
e.g.  arc  ignition,  arc  burning  and  its  extinction  as  well  as  the  arc  energy  provided  to  the  damaged  part  of  the 
sample  resulting  from  arc  current,  arc  voltage  and  arc  duration.  Typical  transients  of  the  test  current  i(t)  and 
voltage  u(t)  between  the  conductors  during  the  time  intervals  T1  and  T2  of  the  switching  cycle  are  shown  in 
Fig.3. 
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FiK-  3;  Typical  transients  of  test  current  i(t)  and  voltage  u(t)  between  the  conductors 
during  the  time  interval  TI  (a,  b,  c)  and  the  time  interval  T2  (d) 
of  the  switching  circle 

Four  typical  cases  of  arc  extinction  have  been  observed: 

—  self—  extinguishing  arc  (SE  —  Fig.  3b) 

—  arc  extinction  caused  by  metallic  short  circuit  of  conductors  (M  —  Fig.  3a) 

—  arc  extinction  caused  by  low  resistance  short  circuit  of  conductors  (R  —  Fig.  3a) 

—  an  arc  extinction  following  the  cut  off  of  the  current  by  the  control  contactor  (Cl  —  Fig.  3c). 

After  the  arc  extinction,  the  arc  may  reignite  and  the  typical  arc  behaviour  mentioned  above  may  reappear,  when 
the  system  is  re— energised  (time  interval  T2,  Fig.  3d). 

Mesurements  of  the  following  quantities  were  performed:  arc  duration,  total  arc  path  length,  continuity  check  of 
conductors  and  insulation  resistance  before  and  after  test  as  well  as  observations  made  with  the  help  of  the 
transient  and  video  recorders.  Fig.  4  shows  average  values  of  the  arc  duration  obtained  at  testing  of  cables  Nr. 
2/20,  3/20  and  4/20  under  different  environmental  conditions.  The  test  current  was  10  A  and  test  voltage  in  the 
range  of  125  V  ...  132  V.  For  each  environmental  condition  seven  test  specimens  were  used  in  case  of  cable  types 
2/20  and  3/20  and  only  two  test  specimens  in  case  of  cable  4/20.  Arc  path  length  is  defined  as  the  total  length  of 

the  cable  bundle,  where  the  changes  of  cable  insulation  surface  can  be  identified  as  a  result  of  the  arc  activity. 

Fig.  5  shows  the  average  values  of  the  arc  path  length  obtained  at  testing  of  the  cable  Nr.  2/20  and  3/20  under 
different  environmental  conditions.  Average  arc  propagation  velocity  is  defined  as  a  quotient  of  the  arc  path 
length  and  the  arc  duration.  Ba.sed  on  the  individual  results  depicted  of  Fig.  4  and  Fig.  5  the  relevant  average 
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Fig.  4:  Average  values  of  arc  duration  for  cables  2/20,  3/20  and  4/20 

tested  under  different  environmental  conditions.  Test  current  =  10  A 
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Fig.  6:  Average  values  of  arc  propagation  velocity  for  cables  2/20  and  3/20 
tested  under  different  environmental  conditions.  Test  current  It  =  10  A 


Fig.  5:  Average  values  of  arc  path  length  for  cables  2/20  and  3/20  tested 
under  different  environmental  conditions.  Test  current  It  =  10  A 


Test  current 


Fig.  7:  Average  values  of  arc  propagation  velocity  for  cable  Nr.  8/12 
tested  at  different  test  currents. 


Table  2:  Average  values  of  arc  duration,  arc  path  length  and  arc  propagation  velocity 
evaluated  by  averaging  the  values  obtained  at  different  environmental  conditions 
at  a  test  current  of  10  A  for  cable  types:  1/20,  1  A/20,  2/20,  3/20  and  4/20. 


type 

Arc  patft 
length 
{fnm] 

■  ArcpfOpagatfon 
vetocfty 
[mmM 

1/20 

1.52 

20 

13.15 

6 

1A/20 

1.49 

25.5 

17.1 

6 

2/20 

7.99 

38 

4.75 

19 

3/20 

1.55 

22 

14.2 

22 

4/20 

1.06 

17 

16.0 

6 

values  of  arc  propagation  velocity  are  calculated  and  illustrated  in  Fig.  6.  For  two  pure  polyimide  cables  (1/20 
and  lA/20),  one  pure  ETFE  insulated  cable  (4/20)  and  two  hybrid  cables  (2/20  and  3/20)  the  average  values  of 
arc  duration,  arc  path  length  and  arc  propagation  valocity  are  calculated  in  such  a  way  that  the  all  test  results 
obtained  for  a  cable  type  are  considered,  avaraging  all  data  measured  at  different  environments  for  a  given  test 
current.  The  result  of  calculations  is  presented  in  Table  2. 

As  an  example,  the  dependence  of  the  arc  propagation  velocity  from  the  test  current  for  the  cable  Nr.  8/12  is 
presented  in  Fig.  7. 

Four  further  quantities  are  introduced  in  order  to  evaluate  the  damage  caused  by  the  fault  arc.  These  are  defined 
as  follows: 


456  /SPIE  VoL  2259 


a 

< 


70 

60 

50 

40 

30 

20 

10 

0 


6  A  7.5  A  15  A  6  A  7.5  A 

Air  Vacuum 

Environmental  conditions 


15  A 


Fig-  8:  Values  of  coefficients  K|.  K||,  Km  and  K^iyi  (defined  in  text)  for  cables 
2/20  and  3/20  tested  under  different  environmental  conditions. 

Test  current  1^  =  10  A. 


Fig.  9:  Average  values  of  arc  path  length  for  cable  Nr.  8/12  tested  at 
different  test  currents  under  normal  air  and  vacuum. 


Number  o  f  cables  with  damaged  conductor  _  Number  of  cables  with  damaged  insulation 

“  Number  of  cables  tested  ’  ^II  “  Number  of  cables  t  e  sted 

Number  of  tests,  at  which  during  the  time  interval  T2  glowing  or/and  arcing  was  observed 
^ni  ~  Number  of  tests  performed  for  a  given  test  current 


Number  of  t  e  s  ts, at  which  during  the  time  interval  T2  the  arc  modes  R/CI  were  observed 
^AM Number  of  tests  performed  for  a  given  test  current 

The  values  of  the  coefficients  kj,  k^j,  kjjj  and  shown  in  Fig.  8  are  based  on  post— test  measurement  results 

of  continuity  check  of  conductors  and  insulation  resistance  check  as  well  as  observations  made  with  the  help  of 
transient  and  video  recorders.  The  cable  insulation  is  defined  to  be  damaged  if  the  insulation  resistance  is  lower 
than  0.5  MQ.  The  test  parameters  are  the  same  as  those  of  Fig.  4,  5  and  6. 

4.  DISCUSSION 


The  amount  of  damage  caused  by  the  fault  arc  depends  mainly  on  the  arc  duration,  the  electrical  power  delivered 
to  the  arc  from  the  supply  network  being  the  product  of  instant  values  of  arc  voltage  and  arc  current  as  well  as 
the  heat  power  generated  as  a  result  of  chemical  reactions  initiated  by  the  high  temperature  of  the  arc.  On  the 
other  hand,  the  properties  of  the  insulation  materials  used  and  the  cable  design  strongly  influence  the  fault  arc 
and  its  behaviour.  Interactions  and  feedbacks  of  different  factors  of  influence  make  the  total  process  even  more 
complicated.  The  results  obtained  and  the  following  considerations  are  intended  to  structure  the  knowledge  and 
to  discuss  fault  arc  behaviour  patterns  and  relevant  consequences  for  the  spaceraft  network  operation. 

Short  arc  duration  and  self-extinguishing  arcs  (SE)  as  well  as  no  arc  reignition  and  no  glowing  after 
re — application  the  the  power  have  been  observed  for  ETFE  insulated  cables  (Fig.  4,  Tab.  2).  At  the  same  time 
the  damage  caused  is  minimised.  However,  the  arc  duration  depends  on  the  environmental  condition.  Increased 
arc  durations  are  recorded  for  oxygen  enriched  atmosphere,  whereas  maximum  arc  duration  occurs  in  vacuum 
(Fig.4).  In  case  of  pure  polyimide  insulated  cables  the  arc  duration  is  relatively  short,  too  (Tab.  2)  and  nearly 
independent  of  the  environmental  conditions.  However,  the  arc  extinguishes  as  a  result  of  the  low— resistance 
short  circuit  of  the  conductor  (R)  and  after  reapplying  the  power  to  the  cable  bundle  an  arc  and/or  a  glow 
propagation  takes  place  (Fig.  8).  A  resistance  (R)  between  conductors  of  some  several  hundred  of  mfi  to  several 
is  a  serious  heat  source  in  case  of  current  flow.  Depending  on  resistance  and  current  values  the  heating  power 
can  be  strong  enough  to  cause  glowing  or  reinitiation  of  the  arc,  which  can  subsequently  propagate  along  the 
wire,  resulting  in  the  loss  of  an  entire  wiring  harness.  In  spite  of  the  use  of  similar  insulating  materials  of  the  two 
hybrid  cables  2/20  and  3/20  (see  Table  1)  their  fault  arc  behaviour  is  quite  different.  While  the  relevant 
properties  of  the  cable  3/20  are  similar  as  those  of  pure  polyimide  cables,  the  properties  of  the  cable  2/20  are  a 
kind  of  mixture  of  a  "arc  self— extinction"  and  a  "arc  propagation"  behaviour  patterns.  At  the  same  test  current 
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of  10  A  the  average  arc  duration  of  the  cable  2/20  is  significantly  longer  compared  to  that  of  cables  1/20,  lA/20, 
3/20  and  4/20  (Tab.  2).  Double  PTFE  layers  between  the  conductors  of  a  cable  bundle  seems  to  make  it  difficult 
to  create  a  low  resistance  connection  between  the  conductors.  Therefore,  in  case  of  cable  2/20  a  low— resistance 
short  circuit  of  conductors  is  a  rare  event  compared  to  polyimide  cables  (Fig.  8)  and,  if  it  happens  at  all  more 
time  is  needed  to  create  it  (Tab.  2).  Furthermore,  the  arc  suppression  property  of  PTFE  seems  to  be  less  distinct 
than  that  of  ETFE  insulation.  It  was  found  that  in  cause  of  cable  insulation  systems  with  basically  dominant 
"self— extinguishing  arc"  behaviour,  e.g.  2/20,  4/20  and  8/12  the  amount  of  damage  caused  depends  strongly  on 
the  test  current  (Fig.  9)  and  the  environmental  conditions  (Fig.  4  and  Fig,  5).  The  fault  arc  effects  are  increased 
in  oxygen  enriched  atmosphere  and  significantly  increased  under  vacuum.  They  decrease  substantially,  if  the 
value  of  the  test  current  is  reduced  (Fig.  7,  Fig,  9).  Therefore,  it  can  be  assumed  that  a  threshold  value  of  the 
test  current  exists,  at  which  the  amount  of  damage  after  testing  is  minimised  and  the  neighbouring  cables  of  the 
tested  cable  bundle  are  able  to  further  operate  in  a  spacecr£Lft  network.  This  threshold  value  can  be  used  as  a 
material  test  criterion  to  classify  cables  with  respect  to  their  fault  arc  resistance, ^  The  arc  propagation  velocity 
seems  to  be  nearly  independent  from  the  environmental  conditions  (Fig.  6),  but  it  is  strongly  influenced  by  the 
insulation  system  of  the  tested  cable  and  the  arc  current  (Fig.  7).  For  example,  the  arc  propagation  velocity  of 
the  cable  Nr.2/20  (PI/PI/PTFE)  is  about  three  times  lower  than  that  of  cable  Nr.3/20  (PTFE/PI/PI). 

5.  CONCLUSIONS 


The  results  obtained  indicate  that  the  damage  caused  by  fault  arcs  depend  strongly  on  the  kind  of  insulation 
material,  cable  size  and  design,  the  test  current  value  and  the  environmental  conditions. 

Four  typical  patterns  of  fault  arc  extinction  (SE,  M,  R,  Cl)  have  been  identified  and  their  consequences  with 
respect  to  causes  of  damage  have  been  discussed.  Two  quite  different  behaviour  patterns  of  fault  arcs  have  been 
observed  on  ETFE  and  polyimide  insulated  cables.  While  the  ETFE  insulated  cables  show  short  arc  duration  and 
self— extinguishing  arcs  (SE)  as  well  as  no  arc  reignition  and  no  glowing  after  reapplication  of  the  power,  the 
main  characteristics  of  the  pure  polyimide  cables  on  the  other  hand  are  an  arc  and/or  a  glow  propagation  along 
the  wire  after  reapplying  of  the  power  to  the  cable  bundle,  being  a  potential  hazard  to  lose  an  entire  wiring 
harness. 

For  a  certain  cable  type  the  average  arc  propagation  velocity  is  nearly  independent  from  the  environmental 
conditions  but  increases  when  the  test  current  grows.  However,  the  severity  of  fault  arc  effects  in  terms  of  loss  of 
conducting  function  of  conductors  and  insulation  damages  depend  on  the  environmental  conditions.  Compared  to 
atmospheric  air  these  effects  are  increasingly  effective  in  oxygen  enriched  atmosphere  and  significantly  increased 
under  vacuum.  Vacuum  has  turned  out  to  be  an  important  "worst  case"  parameter. 
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ABSTRACT 

Vacuum  insulation  for  high  voltage  electrical  components  has  found  widespread  use  in  relatively  small  scale,  controlled 
environments.  Examples  include  vacuum  tubes,  vacuum  switches,  particle  accelerators,  and  vacuum  transmission  lines.  In 
general  these  applications  utilize  vacuum  insulation  over  relatively  small  regions,  when  compared  to  air  insulated 
transmission  lines,  and  large  scale  solid  and  liquid  dielectric  components.  In  addition,  the  vacuum  in  such  components  is 
fairly  well  characterized  and  controlled. 

In  future  space  applications  there  will  be  increasing  opportunity  to  utilize  vacuum  insulation  on  a  much  larger  scale,  and 
in  environments  with  a  much  wider  range  of  breakdown  initiating  stresses.  Examples  include  high  voltage  solar  arrays,  pulse 
forming  networks,  and  vacuum  insulated  power  systems,  used  both  in  earth  orbit  and  lunar  base  applications.  These 
applications  of  vacuum  insulation  will  present  unique  problems  not  encountered  in  typical  vacuum  components,  including 
very  large  area  electrodes,  radiation,  large  thermal  ranges,  dust  and  gas  contamination,  and  ionized  plasma. 

Vacuum  insulation  and  high  voltage  experiments  have  been  studied  and  discussed  for  the  near  earth  orbit  environment. 
Presentations  at  this  conference  and  previously  published  work  have  covered  such  efforts.  Little  has  been  done,  however,  to 
present  the  challenges  for  large  scale  vacuum  insulation  for  lunar  base  applications.  This  paper  concerns  the  application  of 
large  scale  vacuum  insulation  for  the  lunar  environment,  including  vacuum-insulated  large-area  solar  arrays,  solid-state  power 
converters,  transmission  lines,  and  manufacturing  equipment.  Voltages  will  potentially  range  up  to  lO's  of  kV  with  power 
levels  up  to  1  MW.  This  paper  presents  recent  concepts  and  analysis  on  vacuum  insulation  issues  in  the  lunar  environment, 
including  dust  initiated  breakdown,  thermal  management,  gas  contamination,  and  solar  radiation  effects. 

1.  POWER  REQUIREMENTS  FOR  SPACE  APPLICATIONS 

As  the  application  for  electrical  power  systems  in  space  increases  there  is  a  growing  need  for  higher  power  levels.  The 
high  power  requirements  for  large  systems  will  promote  an  increase  in  the  distribution  voltage  levels  over  those  characteris¬ 
tically  used  in  the  past.  Higher  voltages  are  preferred  over  high  currents  in  order  to  reduce  the  mass  of  the  conductors  of  the 
power  distribution  system,  and  to  assist  in  thermal  management  by  keeping  resistive  losses  to  a  minimum.  In  addition, 
many  of  the  new  applications  will  require  higher  voltage  levels  for  operation.  Systems  include  space  platforms  in  earth  orbit 
for  research,  defense,  communication,  and  industrial  applications;  interplanetary  spacecraft;  and  manned  lunar/planetary  bases. 

Previous  power  levels  in  spacecraft  have  been  limited  to  about  20  kW  and  exposed  voltage  levels  have  generally  been 
below  200  V.  For  instance,  skylab  used  a  power  system  at  a  bus  voltage  of  30  V  supplying  20  kW.  New  space  applications 
will  require  power  levels  approaching  MWs  and  voltages  up  to  lOO's  of  kV.  For  example,  the  space  station  Freedom  will 
initially  have  a  power  system  supplying  75  kW  at  a  bus  voltage  of  250  V  [1].  Later  growth  of  the  station  will  require  power 
levels  up  to  300  kW.  High  voltage  solar  array  concepts  propose  exposed  continuous  voltage  levels  up  to  570  V.  The  initial 
lunar  base  will  have  a  100  kW  power  system  later  expanding  to  include  resource  utilization  units  requiring  power  levels  up  to 
1  MW.  Interplanetary  electrical  propulsion  concepts  may  utilize  MW's  of  electrical  power.  In  designing  for  voltages  higher 
than  lOO’s  of  volts,  proper  insulation  is  crucial  to  prevent  electrical  breakdown,  and  yet  volume  and  mass  must  be  kept  to  a 
minimum  to  minimize  transportation  costs.  In  addition,  insulation  lifetime  is  a  key  limiting  factor  in  the  reliability  of 
electrical  power  systems.  Reliability  and  lifetime  are  critical  considerations  for  space  applications  due  to  inaccessibility,  cost 
of  replacement  transport,  and  safety  considerations  for  the  crew. 
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2.  VACUUM  INSULATION 


For  space  applications  solid  and  liquid  dielectrics  are  massive,  and  liquid  and  gaseous  dielectrics  are  subject  to  loss.  Solid 
dielectrics  can  be  severely  lifetime  limited  due  to  damage  caused  by  stresses  of  the  space  environment  such  as  radiation, 
temperature  extremes,  and  microparticle  impact.  In  order  to  minimize  mass  and  exposure  to  the  space  environment,  vacuum 
insulation  is  being  considered  for  many  space  power  applications,  including  large  area  solar  arrays,  power  transmission,  high 
power  electronics,  and  manufacturing  systems.  Vacuum  insulation  of  high  voltage  is  used  in  earth  applications  such  as 
power  switchgear,  particle  accelerators,  very  high  power  transmission  lines,  and  electronic  devices.  Under  such  controlled 
conditions  very  high  breakdown  strengths  are  achieved  with  long  lifetimes. 

For  space  applications  high  quality  vacuum  insulation  systems  would  be  ideally  suited  having  minimum  mass  with  high 
breakdown  strength.  Exposed  to  the  space  environment,  however,  reliability  can  be  compromised  by  various  stresses  leading 
to  electrical  breakdown,  including  particulate  and  gaseous  contamination,  thermal  degradation  of  materials,  and  radiation. 

These  stresses  affect  the  inter  electrode  gaps  (breakdown  voltages),  the  electrode  surfaces  (secondary  electron  emission),  and  the 
supporting  dielectric  materials  (surface  flashover). 

3.  VACUUM  INSULATION  IN  EARTH  ORBIT 

Vacuum  insulation  may  be  utilized  as  electrical  insulation  in  the  power  subsystems  for  the  earth  orbit  environment. 
Special  environmental  considerations  include:  atomic  oxygen,  low  gravity,  ionizing  radiation,  thermal  cycling,  plasma,  high 
velocity  particle  impact,  and  contamination  [2].  Several  system  or  component  designs  are  under  development  for  operation  in 
the  near  earth  space  environment.  For  the  Space  Station  Freedom  large  solar  arrays  400  cells  will  be  connected  in  series  to 
produce  160  V  dc.  Taking  all  orbital  environmental  effects  into  consideration  the  160  V  dc  is  a  compromise  between  the 
higher  efficiency  associated  with  high  voltage  and  the  lower  probability  of  arcing  associated  with  lower  voltage  [3]. 

Electronic  subsystems  include  dc-dc  converters  between  160  V  dc  and  120  V  dc  buses  [4]. 

The  operation  of  high  voltage  components  in  the  earth  orbit  vacuum  environment  has  long  been  of  concern  for  various 
satellites.  Power  supplies,  solar  arrays,  high  voltage  wires  [5],  and  traveling  wave  tubes  must  work  reliably  in  the  space 
vacuum.  Transmission  line  designs  for  lengths  up  to  10  km  have  been  proposed  for  the  connection  of  nuclear  power  sources 
to  a  space  station  [6,  7]. 


4.  VACUUM  INSULATION  FOR  LUNAR  POWER 

Early  phases  of  a  lunar  base  will  include  an  SP~100  or  equivalent  nuclear  power  source  with  an  electric  output  of  about 
100  kW  of  electrical  power.  The  first  transmission  of  power  will  likely  be  a  100  kW,  5  km  line  from  the  nuclear  power 
source  to  the  habitat.  The  next  phase  will  include  large,  high-voltage  solar  arrays  and  regenerative  fuel  cell  systems  with 
transmission  to  the  habitat,  science  modules,  and  launch/landing  facilities.  Later  phases  will  include  a  MW  level  power 
source  (nuclear)  to  power  resource  utilization  (mining  and  oxygen  production)  facilities.  Solar  arrays  will  most  likely  operate 
at  levels  from  150  V  and  up.  Transmission  lines,  for  efficiency,  may  operate  at  voltages  up  to  10  kV.  Local  buses  and  loads 
will  operate,  typically,  at  lO’s  to  lOO’s  of  V.  Thus,  there  will  be  power  conversion  distributed  throughout  the  power  system. 

Critical  areas  of  concern  in  the  design  of  lunar  base  power  systems  are  mass,  reliability,  and  operation  in  the  lunar 
environment.  Mass  and  volume  are  very  important  due  to  the  high  cost  of  transportation  of  materials  to  the  moon. 
Reliability  is  critical  due  to  safety,  inaccessibility,  and  cost  of  repair.  The  lunar  environment  presents  a  significant  challenge 
for  the  operation  of  electrical  power  systems,  specifically  important  issues  include:  vacuum,  solar  thermal  radiation  input, 
lunar  surface  temperature  and  thermal  radiation  characteristics,  particulate  radiation,  micrometeoroid  bombardment,  lunar  dust, 
gaseous  contamination,  night/day  cycles,  and  ionizing  radiation  [8], 

Vacuum  insulation  may  find  application  in  several  power  subsystems  in  a  manned  lunar  base  (see  Fig.  1.).  Large  solar 
arrays  will  operate  at  160  V  and  above.  Using  vacuum  insulation  for  transmission  lines  can  greatly  reduce  insulation  mass 
and  costs  and  has  been  proposed  for  both  above  ground  and  below  the  soil  high-power  transmission  lines  (up  to  1  MW 
electrical  power)  [9].  To  avoid  the  loss  of  gaseous  and  liquid  dielectrics,  and  the  degradation  of  solid  insulation  potting 
materials,  vacuum  insulation  may  find  application  in  the  high-power,  solid-state  converters  used  between  sources,  energy 
storage,  transmission  lines,  local  buses,  and  loads.  Similarly,  vacuum  insulation  may  find  application  in  the  high  power 
loads  at  the  resource  utilization  equipment.  For  instance,  oxygen  production  from  the  lunar  regolith  (soil)  will  require 
electrical  power  for  mechanical  equipment  for  crushing,  pulverizing,  and  transport  of  soil  material;  heating  circuitry  for 
melting  and  chemical  processes;  and,  control  and  monitoring. 
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Fig.  1.  Subsystems  of  a  lunar  base  with  potential  locations  of  vacuum  insulation. 

5.  BREAKDOWN  ISSUES  IN  THE  LUNAR  ENVIRONMENT 


There  are  a  number  of  breakdown  issues  associated  with  the  use  of  vacuum  insulation  in  the  lunar  environment 
resulting  from  interaction  with  tlie  lunar  environment  or  human  activities  [10].  Breakdown  between  electrode  gaps  may  be 
enhanced  by  interaction  with  (i)  charged  particles,  (ii)  gas  contamination,  (iii)  lunar  dust,  and  (iv)  radiation.  Electrode 
surfaces  may  have  their  secondary  electron  emission  and  microstructure  characteristics  altered  by  (i)  surface  contamination 
(gas  or  dust),  (ii)  thermal  stresses,  and  (iii)  radiation.  Solid  dielectrics  used  to  support  conducting  structures  can  be 
damaged  leading  to  bulk  breakdown  or  suri^ace  flashover  by  (i)  radiation,  (ii)  micrometeroic  impact,  (iii)  thermal  cycling, 
(iv)  exposure  to  vacuum,  (v)  surface  contamination,  and  (vi)  chemical  degradation.  And  finally,  for  vacuum  insulation 
structmes  near  or  in  the  lunar  soil  it  will  be  important  to  characterize  conduction,  loss,  thermal,  and  breakdown  properties  of 
the  soil.  Figure  2  illustrates  some  of  the  environmental  factors  which  might  affect,  for  instance,  a  vacuum-insulated 
transmission  line. 


The  lunar  vacuum  is  superior  to  that  found  in  near  earth  orbit,  in  that  there  is  no  ambient  plasma  generating  the 
problems  of  spacecraft  charging,  atomic  oxygen  erosion,  and  electrical  breakdown.  Nevertheless,  the  lunar  environment  can 
become  contaminated  by  material  outgassing,  lunar  base  effluents,  lunar  dust,  and  micrometeroic  dust  [11,12].  The  effects 
of  gaseous  contaminmts  are  especially  important  near  operations  that  deposit  large  amounts  of  effluents  or  dust  in  the 
vicinity  of  exposed  high-voltage  conductors.  These  conductors  might  be  the  large  solar  arrays  or  vacuum-insulated 
transmission  lines.  The  sources  of  contamination  might  be  rocket  exhaust,  hydrogen  coolants,  or  the  byproducts  of  a  lunar 
manufacturing  opera-tion.  Studies  have  been  done  to  predict  the  effects  of  outgassing  and  effluent  contamination  of  space 
vacuum  around  high  voltage  conductors  [13,14].  Studies  have  included  characterizing  the  nature  of  material  outgassing  as 
a  function  of  material  tjpe,  temperature,  incident  radiation,  and  history.  Models  were  developed  to  predict  the  distribution 
of  this  gas  around  and  within  spacecraft  structures  as  determined  by  the  outgassing  rates,  the  geometry  of  the  structure,  and 
the  ambient  pressure. 
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Although  there  is  no  significant  ambient  plasma  on  the  lunar  surface,  there  are  mechanisms  for  charged  particle 
generation  [15,  16,  17],  Electrons  in  the  vacuum  environment  will  easily  migrate  possibly  causing  dielectric  charging, 
leakage  currents,  and  system  noise. 

Characteristics  of  high-power  transmission  line  conductors  exposed  to  simulated  lunar  soil  in  a  vacuum  environment 
have  provided  preliminary  data  [18].  The  effects  of  the  simulated  lunar  soil,  the  applied  field  strength,  geometry  and  material 
of  the  transmission  lines,  and  the  ambient  temperature  on  the  operation  of  the  high  voltage  transmission  line  were 
investigated.  Experiments  were  conducted  with  parallel  plate  geometries  and  dc  fields.  The  dc  electrical  characteristics  of  the 
simulated  soil  were  studied  for  electric  field  strengths  up  to  4.4  kV/mm,  including  breakdown  strength,  dielectric  constant, 
resistivity,  and  time  dependency  of  these  parameters. 


6.  CONCLUSIONS 

Lunar  bases  will  require  the  production,  conversion,  transmission,  and  utilization  of  electrical  powers  up  to  1  MW  at 
voltages  as  high  as  10  kV.  The  cost  of  transportation  and  assembly,  the  unique  lunar  environment,  and  contamination 
generated  by  lunar  base  activities  will  result  in  new  challenges  for  high  voltage  systems.  Although  vacuum  insulation  is  a 
potentially  ideal  electrical  insulation  technique  in  the  lunar  environment  the  effects  of  environmental  conditions  and  human 
activity  on  inter  electrode  breakdown  strength  must  be  considered.  Although  some  effort  has  gone  into  the  study  of  large 
solar  array  breakdown  and  simulated  transmission  lines  there  is  uncertainty  in  breakdown  thresholds,  mechanisms,  and  long 
term  reliability  with  such  systems  in  the  lunar  environment. 
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ABSTRACT 

An  analysis  of  the  kinetics  of  the  electron  subsystem  of  a  superconductor  based  on  a  model  with  a  phonon 
thermostat  has  shown  that  the  nonequilibrium  state  of  a  superconducting  thin-film  cathode  that  appears  at  field 
emission  changes  the  superconducting  properties  of  the  cathode  as  compared  to  the  equilibrium  state.  The  depen¬ 
dence  of  the  superconducting  gap  on  the  intensity  of  the  emissive  source  has  been  obtained, 

1.  INTRODUCTION 

It  is  known  that  one  of  the  principal  reasons  for  breaking  a  vacuum  electrical  insulation  is  the  heating  and 
further  destruction  of  the  microprotrusions  present  on  the  cathode  under  the  action  of  field  emission  current.  The 
state  of  superconductivity  eliminates  one  of  the  principal  sources  of  heat  release  in  field  emission,  the  Joule  heating. 
However,  using  superconducting  field  emission  cathodes  has  not  led  to  an  increase  in  limiting  field  emission  current 
densities^ 

The  destroy  of  the  superconducting  state  was  related  to  the  heat  release  due  to  the  Nottingham  effect.  At  the 
same  time  the  problem  concerning  the  efficiency  of  harnessing  the  phenomenon  of  superconductivity  to  increase 
the  electric  strength  of  a  vacuum  gap  remains  unresolved.  The  matter  is  that  using  thin  superconducting  films  of 
thickness  I  <  (where  is  the  coherence  length  at  T  =  0)  makes  it  possible  to  eliminate  heating  processes  in  the 
phonon  subsystem  of  the  superconductor.  Under  this  condition,  the  phonons  radiated  in  the  process  of  relaxation 
of  nonequilibrium  electrons  have  time  to  leave  the  film  and  have  no  influence  on  their  parent  electron  subsystem. 

The  present  work  is  an  extension  of  our  preceding  studies  where  it  has  been  shown  that  field  emission  being  a 
source  of  nonequilibrium  in  the  electron  subsystem  of  a  superconductor  may  cause  the  cathode,  at  temperatures 
close  to  the  superconducting  transition  temperature,  to  loose  its  superconducting  properties'’^.  The  paper  present 
the  results  of  a  study  of  the  nonequilibrium  processes  at  field  emission  from  thin  superconducting  films  at  any 
temperature  under  the  conditions  where  "heating”  processes  in  the  phonon  subsystem  can  be  neglected. 

2.  PROBLEM  STATEMENT 

The  study  of  the  nonequilibrium  effects  that  take  place  at  field  electron  emission  from  thin  superconducting 
films  is  based  on  analyzing  the  kinetics  of  the  electron  subsystem  of  the  superconductor  in  terms  of  a  model  with 
a  phonon  thermostat.  The  applicability  condition  for  this  model  that  impose  constraints  on  the  film  thickness  I 
and  the  character  of  its  heat  exchange  with  the  surroundings  are  described,  for  instance,  in  Ref.  5. 

It  is  also  known  that  the  characteristic  scale  of  disturbances  in  the  electron  subsystem  being  of  the  order  of  the 
diffusion  length  of  the  quasiparticles  /e,  is  much  greater  than  t  chosen  in  accordance  with  the  above-mentioned 
condition,  what  allows  one  to  assume  that  the  problem  is  uniform  with  respect  to  the  film  thickness. 

Consider  a  superconducting  film  of  thickness  I  to  which  an  external  electric  field  Fq  high  enough  for  field  emission 
to  occur  from  the  film  surface  is  applied.  Then  the  kinetic  equation  for  the  nonequilibrium  energy  distribution 
function  for  quasiparticles  in  quasi-steady-state  case  can  be  written  as 

+  =  0  (1) 

where  Q^{c)  is  the  emissive  source  of  quasiparticles  which  is  just  the  source  of  nonequilibrium  in  the  system, 
is  the  integral  of  electron-phonon  collisions,  n^(s)  is  the  quasiparticle  energy  distribution  function 
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of  the  electron  ?i+(e)  (  >  0)  or  hole  n  (e)  (  ^  <  0)  type,  respectively,  e  =  is  the  quasiparticle  energy 

reckoned  from  the  level  of  the  chemical  potential  for  Cooper’s  pairs  fi,,  4  =  ^  is  the  single-particle  energy 
lor  the  Bloch  state  with  a  quasiwave  vector  k,  A  is  the  superconducting  gap. 

For  the  case  of  an  isotropic  excitation  distribution  in  the  momentum  space,  the  collision  integral  in  accordance 
with  Ref.5,  can  be  written  as: 


Jo  Ja 


“  e'de' 
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(3) 


Jo  -  ^ 

|5'i(n=‘=,  A)4£'  -  e  _  w,)  -I- 
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S3in^,K^,A)6{£  +  £'  -ug)y 

where  the  factor  5'i,2,3(«'‘’,  A)  are  defined  as: 

A)|n-,(1  -  „±)(1  -t-  -  nfil  - 

S2{n^,N^„A)  =  A)  |n+(l -nf)Ar,,-n±(l_  „+)(!  + + 
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Here,  u  is  the  velocity  sound,  pp  is  the  quasi-momentum  of  an  electron  at  the  Fermi  surface,  A  =  is  the 

dimensionless  parameter  of  electron-phonon  interaction,  and  g  is  the  constant  of  electron-phonon  interaction. 


(4) 


(5) 


(6) 


(7) 


he  presence  in  Eq.  (2)  the  terms,  which  describe  scattering  processes  where  the  number  of  quasiparticles  is 
not  preserved,  causes  the  need  to  use  additionally  in  this  calculation  scheme  the  continuity,  equation  for  the  space 
charp  density.  This  equation  allows  one  to  find,  up  to  the  terms  of  a  first  order  infinitesimal  in  6 fig,  an  expression 

tor  the  superconducting  component  for  the  case  where  the  energy  distribution  function  for  quasiparticles  deviates 
irom  equilibrium  in  the  form 

poo 

6fi^  =  -  [n+(£)  -  n-{£)]d£,  (8) 

JA 

where  6fis  =  /^s  —  fpi  fF  is  the  energy  of  Fermi. 


SPIE  Vol.  2259  1 465 


For  a  great  deviation  of  the  electron  system  from  equilibrium,  the  order  parameter  modulus  A  (which,  for  the 
case  of  spatial  uniformity,  can  be  chosen  real  and  has  the  sense  of  a  nonequilibrium  gap)  should  be  determined 
from  the  self-consistency  equation® 


l-n.+  (g)-n 
-  A2 


(9) 


3.  THE  EMISSIVE  SOURCE  OF  QUASIPARTICLES 


The  emissive  source  in  Eq.(l)  determines  the  time  variation  of  the  average  number  of  quasiparticles  with  a 
given  energy  €  per  unit  volume  in  the  superconducting  film.  The  general  equation  for  Q^{c)  can  be  written  as 


(10) 


where  S  =  ^  6{e—E\^)  is  the  energy  of  a  quasiparticle  in  the  k  state,  and  the  function  Fk  defines  the  quasiparticle 

flux  from  the  given  state  characterized  by  the  wave  vector  k. 


To  calculate  Fk  the  tunnel  Hamiltonian  method,  first  applied  for  the  description  of  field  emission  in  Ref.6,  was 
used.  We  have  obtained  the  following  expression  for  Q^(e): 


Q^{e)  =  Tu  - - - 1 2^^^ - 2 - - i - ” 


|exp(^ 


Sfis  ± 
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where  i/  can  be  defined  as  a  characteristic  tunnel  frequency  at  field  emission 

Jfn 


1/  = 


e  d  I  2N(0) 


(11) 


(12) 


Here  Jfn  is  the  emission  current  density  in  the  Fowler-Nordheim  theory,  e  is  the  electron  charge,  2A^(0)  is  the 
density  of  states  at  the  Fermi  level. 


An  analysis  of  Eq.(ll)  shows  that  Q^ie)  ^  Q^is)  and,  moreover,  these  functions  are  opposite  in  sign  what 
should  inevitably  lead  to  a  disbalance  in  the  population  of  the  electron  and  hole  spectrum  branches  in  the  system 
where  the  given  source  of  nonequilibrium  operates. 

4.  SOLUTION  OF  THE  KINETIC  EQUATION 

The  presence  in  Eq.(l)  of  a  comparatively  complex,  in  mathematical  sense,  term  (the  term  describing  electron- 
phonon  collisions)  causes  the  need  to  solve  numerically  the  kinetic  equation.  In  order  that  the  generality  of  the 
solution  to  be  obtained  be  preserved,  it  is  convenient  to  rewrite  Eq.(l)  in  a  parametric  form.  First  of  all,  integration 
in  Eq.(2)  with  respect  to  Wq  using  delta-functions  and  introduction,  in  accordance  with  Ref.  5,  of  an  effective  time 
for  the  relaxation  in  energy  in  normal  state,  tts,  as 

I 

4(«pf)2  •  ^  ’ 


reduces  Eq.(2)  to  the  form 
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Recall  that  the  kinetic  equation  for  involves  a  nonequilibrium  gap,  which  depends  of  itself  on  the  form  of 
n^.  It  can  readily  be  shown  that  for  case  under  consideration  Eq.(9)  is  equivalent  to  the  set  of  equations  Ref.5: 

A  =  Aoexp(-n+-n_),  ^  A^  ’ 

which  can  be  included  conveniently  into  overall  iteration  scheme. 

The  behavior  of  the  nonequilibrity  distribution  function  for  excitation  is  illustrated  by  Fig.l  a,b.  This  figure 
presents  the  calculation  results  for  Nb  film.  However,  the  procedure  of  seeking  a  solution  of  itself  suggest  that  the 
qualitative  picture  will  be  the  same  for  other  metallic  superconductors. 


Fig.  1.  Distribution  functions  for  the  electron-  and  hole-like  excitations  at 
T  =  0.2Ao:  1.  a  =  0.15,  2.  a  =  0.3,  3.  a  =  0.6. 


First  of  all,  note  the  disbalance  between  the  electron-like  and  hole-like  excitations,  that  takes  place  in  fact  in  any 
nonequilibrium  situation.  This  confirms  the  conclusion  that  the  properties  of  the  emissive  source  of  noneqilibrium 
are  such  that  they  should  cause  this  disbalance  and  thereby  determine  the  form  of  the  nonequilibrium  energy 
distribution  function  for  quasi-particles.  According  to  Eq.(8),  the  value  of  the  disbalance  directly  determines  the 
variation  in  the  chemical  potential  of  Cooper’s  pairs.  The  value  of  Sfis  of  itself  determines  the  value  of  electric 
field  potential  in  a  superconductor  and  it  is  always  positive^.  Therefore,  the  presence  of  extra  excitations  in  the 
hole  branch  results  in  an  an  increase  in  the  chemical  potential  of  Cooper’s  pairs.  From  the  viewpoint  of  emissive 
properties,  this  may  be  treated  as  a  decrease  in  ’’emissive  work  function”. 


Fig.  2.  Dependence  of  the  superconducting  gap 
A  from  the  intensity  of  the  emission  source  of  the 
quasiparticles  a  at  T  =  0.2  Aq. 
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Increasing  the  applied  electric  field  (which  is  just  responsible  for  an  increase  in  a  =  in  our  consideration) 
substantially  increases  the  degree  of  nonequilibrium,  all  excess  excitations  being  concentrated  in  the  region  above 
the  gap.  This  decreases  the  superconducting  gap  Fig.  2,  and  hence  the  critical  parameters  of  the  superconductor. 

5.  CONCLUSION 

Thus,  the  above  described  analysis  of  the  kinetics  of  the  electron  subsystem  of  a  superconductor,  perfomed 
in  terms  of  a  model  with  a  phonon  thermostat,  allows  the  conclusion  that  using  thin  superconducting  films  will 
not  increase  the  electric  strength  of  a  vacuum  gap.  Even  with  no  heat  release  in  the  phonon  subsystem  of  such 
a  film,  the  field  emission  process  of  itself  changes  the  electron  subsystem,  which  may  cause  the  film  to  loose  its 
superconducting  properties.  At  the  same  time,  the  performed  study  opens  prospects  for  investigating  fundamental 
properties  of  superconductors  by  field  emission  methods,  and  the  way  for  controlling  the  superconducting  properties 
of  thin  films  by  varying  the  field  emission  current  can  be  used  in  the  creation  of  various  devices  whose  operation 
is  based  on  the  properties  of  nonequilibrium  superconductivity. 

The  work  is  supported  by  Russian  Foundation  for  Fundamental  Research  Grant  No.  93-02-16878. 
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protuberances  at  hiRh  current  densities 

0,1.  Fursey,  D, V,  Glazanov^ 

S, A,  Polezhaev 

St, -Petersburg  Bench- Bruevitsch 
Teiecoinmunications  University,  Russia 

The  appearance  or  initial 
existence  of  microtips  on  the  cathode 
surface  is  one  of  the  min  reasons  of 
prebreakdown  field  emission  (FE) 
currents  Thermal  explosion  of 

these  tips  leads  to  explosive  electron 
emission  and  initiating  of  vacuum 
breakdown.  In  the  last  years  the 
sufficient  role  of  super  small  tips 
(10~^  -  10-^  cm)  in  pre  breakdown 

phenomena  and  initiating  vacuum 
breakdown  was  established.  The 

amplification  of  electric  fields  on 
such  tips  leads  to  very  high  FE  current 
densities  (  J  >  A/cuP),  So,  the 

creation  and  decay  of  nanomter 
structures  define  the  dynamics  of  the 
vacuum  breakdown  development.  The 
investigations  of  FE  from  nanometer 
formations  are  very  actual,  as  the 
emission  properties  and  stability  of 
such  structures  are  connected  with  the 
problems  of  field  cathodes  fabrication 
and  exploitation  in  the  devices  of 
vacuum  micro-  and  nanoelectronics,  in 
this  report  the  results  of  preliminary 
investigation  of  high  current  densities 
FE  from  nano-emitters  are  presented, 

£XPERIKE:BrTAL  RESULTS, 

The  objects  of  the  investigation 
were  the  microprotuberances,  created  on 
the  ¥  surface  by  thermal-field  build  up 
process,  and  local  spots  of  Zr  and  ZrO, 
formed  by  the  selective  adsorption  on 
the  tipped  monocrystals  of  V.  The  FE 
research  methods  and  electron 
microscopy  of  high  resolution  were 
used.  Vacuum  conditions  were  higher, 
than  10"^  torr. 

The  main  mechanism  of  nanon^ter 
tips  formation  is  the  surface  migration 
of  atoms  in  the  electric  field.  It  is 
activated  by  the  temperature  growth, 
caused  by  outer  heat  source  or  self- 
heating  of  emission  centers  by  high 
density  FE  current.  Other  processes,  as 


ion  bombardment  of  the  surface,  also 
can  have  an  influence, 

1.  The  possibility  of  creation  of 
nanometer  tips  by  the  build  up  process 
in  the  constant  field  (F  = 

V/cm),  when  the  cathode  potential  is 
positive,  was  studied.  Temperature  was 
1700-2000  K.  It  was  found  out, 
according  to  our  foru^r  results  that 
submicrotips  may  be  formed,  when  the 
field  strength  F  is  about  2*Fe*  F®  = 
is  the  value  of  equilibrium 
between  the  electric  pressure  forces 
and  the  surface  tension  on  the  top  of 
the  basis  monocrystal  emitter  (fi¬ 
lths  radius,  a  -  the  coefficient  of 
surface  tension  ),  The  tiH^  of 
microtips  formation  then  is  about 
several  dozens  of  seconds  (Fig.  l.a). 
When  the  exposition  is  about  several 
hours,  formation  of  tips  is  possible, 
if  F  is  approximately  equal  Fo  The 
new  result  is,  that  for  such  long  times 
nanometer  structures  form  even  when  F  < 
Foo  =  Fe/C2’^^),  For  such  fields  even 
on  the  tip  apex  the 

mentioned 
equilibrium 
for  atomic 
plane  surface 
is  not 

disturbed 
yet.  Ve 

suppose,  that 
this  effect 
is  connected 
with  the 

natural 

roughness  of 
surface 

Fig.  i.a 

2.  Microtips  formation  in  pulsed 

fields  was  investigated.  The  cathode 
potential  was  negative;  J  was  about 
5^10^^A/cm^,  Temperatures  in 

prebreadown  stage  were,  probably, 
higher,  than  2600  K,  and  therefore  the 
build  up  process  was  activated  by 
’’self-heating/*  Under  such  conditions 
not  only  local  nanometer  tips,  which 
look  like  presented  on  the  Fig  l.a,  but 
the  edges  and  corners  of  atomic 
sharpness  are  formed 

3.  The  rising  of  submicron  tips 
was  also  explored  in  stationary  fields, 
when  cathode  potential  was  negative. 
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The  formation  of  big  tips  -  so  called 
’’outgrowths*'  was  observed  (Fig.  l,b). 

From  our  previous  ^  and  these 
results  we  can  conclude,  that  such 
structures  can  appear  not  only,  if 
cathode  potential  is  positive  ,  because 
of  field  evaporation  but  also  if 
cathode  potential  is  negative  and  field 
evaporation  is  impossible. 


Fig.  l.b 


The  investigation  of  emission 
properties  of  structures,  as  presented 
on  Fig.  la  shows,  that  the  limit 
current  densities  for  them  are  higher, 
than  for  smooth  emitters.  In  ®  was 
shown,  that  the  stability  of  emission 
and  limit  current  densities  are  higher 
for  the  little  emitters.  This  effect  is 
emphasized,  if  the  size  of  the  tip  is 
less  than  10"^  cm  the  character  value 
of  electrons  free  path  length  In  ^ 
was  asserted,  that  the  limit  current 
densities  for  such  tips  are  about 
10-i-i  oA/cm^,  Our  results  shows,  that 
such  values,  probably,  are  not 
attainable  even  in  pulse  fields  (10-*^“  - 
10"^  s).  The  exact  definition  of 

current  density  in  such  conditions  is 
difficult,  as  the  emitting  surface  size 
can  be  determined  only  approximately. 
However,  the  estimates  give  values  of  J 
<  10  "-^  A/cdP. 

4.  The  maximum  values  of  J  were 
achieved  for  the  adsorption  systems 
Zr/V  and  ZrO/V  (Fig.  2>.  In  the  pulse 
reginKi  J  was  about  5^10"^^  A/cm^ 
according  to  our  earlier  results  In 
stationary  field  the  values  of  J  were 
up  to  10-^’^  A/chF.  The  minimum  size  of 
adsorbed  spot  was  about  30A,  that  is 
sufficiently  less,  than  electrons  free 
path  length. 


Fig,  2, a 
V(001) 


HFig.  2.b 

2r/W(001) 


TKEOFFTICAL  AlIALYSIS  OF  THERMAL 
PROCESSES. 


The  strict  formulation  of  the 
problem  of  thermal  processes  for 
localized  emission  must  sufficiently 
differ  from  the  traditional  approach  to 
’’smooth”  tip  The  reason  is,  that 
typical  sizes  of  microtips  are  about  or 
even  less  than  the  characteristic 
length  of  elect!  on-- phonon  interaction 
(several  hundred  Angstroms)  the 
length  scale  for  electron  and  lattice 
temperatures  become  equal.  Strictly 
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correct  analysis  my  be  done  in  frames 
of  kinetic  approach.  Then  the  problem 
may  be  resolved  without  limitations  of 
heat- transfer  equation  -  the  assumption 
about  the  "unlimited”  velocity  of  heat 
expansion  (which  in  reality  cannot  be 
greater  than  the  speed  of  sound  in  the 
material),  and  about  the  ”zero”  phonon 
free  path  length, 

However,  the  approach  may  be 
simplified.  At  the  beginning  of  the 
process  the  main  heat  source  is  the 
lottingham  effect,  as  the  Joule  source 
is  rather  small,  because  the 
temperature  and,  therefore,  the 
resistivity  is  rather  low.  For  microtip 
Ifottingham  effect  is  the  volume  heat- 
source,  For  the  little  tip  the  heat 
extraction  in  its  volume  is  negligible, 
because  it's  size  is  not  enough  for 
electron- phonon  energy  exchange.  So, 
for  the  "basis”  cathode,  IJottingham 
effect  can  be  considered  as  surface  - 
as  the  boundary  condition  for  heat 
transfer  equation.  If  the  localization 
of  emission  is  provided  by  the 
adsorbate  with  low  work  function  and 
the  dimension  of  the  spot  is  about  the 
length  of  electron-phonon  interaction, 
Nottingham  heat  source  must  be 
considered  as  the  volume  one,  With  fast 
temperature  growth  at  the  beginning  of 
emission  process,  the  length  of 
particles  energy  exchange  decreases  and 
Nottingham  source  becomes  boundary, 

Due  to  exponential  dependence  of 
current  density  upon  field  (field 
amplification  took  place  at  the 
microtip)  and  upon  work  function  (the 
adsorbate  spot  exists),  the  emission 
from  the  surface  around  the  tip  or  spot 
can  be  neglected.  This  model  can  be 
marked  as  "strictly  limited  emission,” 
The  distribution  of  heat  may  be 
calculated  on  basis  of  heat-transfer 
equation  with  taking  into  account  the 
dependencies  of  material 
characteristics  and  emission  current 
density  upon  temperature.  The  common 
formulation  of  the  problem  is  so 
analogous  to 

The  characteristics  of  the 
process  in  dependence  upon  the  radius 
of  the  emitting  part  of  the  surface  ( 
was  taken  about  0.  1-0,2  mk  )  and  the 
initial  current  density  Je  were 
numerically  simulated.  The  values  of  Je 


were  chosen  more  than  10^  A/cm^  -  the 
limit  densities  for  nanosecond  time 
range.  Then  the  instability  of 
emission,  which  initiates  vacuum 
breakdown,  in  the  reality  can  be  "pure” 
thermal.  For  the  microsecond  time 
range,  the  "pure”  thermal  instability 
does  not  develop  and  one  of  the  main 
reasons  of  emitter  destruction  is  the 
surface  migration,  stimulated  by  the 
temperature  growth.  The  results  are  the 
time  dependencies  of  1)  temperature 
distribution,  2)  emission  current,  3) 
power  of  volume  and  surface  heat- 
sources. 

Emitting  part 
of  surface 


Fig.  3 

Temperature  distribution  for  t  =  8  ns 
(  Jo  =  ) 


The  total  character  of  obtained 
results  corresponds  to  the  results  for 
"smooth  emitter.”  At  the  beginning 
maximum  of  temperature  is  on  the 
surface  in  the  middle  of  emitting  area. 
The  surface  temperature  is  lower,  than 
the  inversion  tempei^ature  of 
Not tingham-ef feet  and  so,  the  surface 
energy  flow  is  heating.  Later,  the 
surface  temperature  becomes  higher, 
than  inversion  temperature,  and 
Nottingham  flow  becomes  cooling.  In 
combination  with  the  Joule  and  Thompson 
volume  heat  sources  this  effect  leads 
to  the  formation  in  the  inner  space  of 
emitter  the  region  of  high  temperature 
(Fig.  3),  which  can  exceed  the  melting 
point  of  emitter  material 
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The  main  difference  between  the 
results  for  the  model  with  localization 
and  for  non- localized  one  ®  consists  in 
the  next.  For  almost  any  current 
densities  (even  non-real istic  high)  the 
"thermionic”  instability  of  emission 
does  not  develop  up  to  pulse  durations, 
when  the  destroying  of  the  emitter  is 
inevitable  due  to  thermoelastic 
strengths  ’  ’ .  For  smooth  emitter  the 
calculations  show,  that  thermal 
mechanism  is  enough  for  instability 
development.  The  avalanche  growth  of 
the  current  (due  to  the  thermal 
addition)  and  the  corresponding  growth 
of  the  power  of  volume  heat  source  (due 
to  the  resistivity  growth  with 
temperature)  lead  to  the  accelerating 
energy  accumulation  in  the  near  apex 
region  and,  inevitably,  to  the 
explosion  of  emitter.  So,  there  is  no 
necessity  to  attract  additional  ideas 
about  the  mechanism  of  emitter 
destruction  and  breakdown  initiation. 
When  the  emission  is  strictly  localized 
such  effect  does  not  occur  in  the 
calculations.  The  reason  is  just  the 
localization  of  emission:  the  heat 
transfer  mechanism  provides  the 
distribution  of  heat  to  the  inner  space 
of  the  cathode  and  allows  to  avoid  the 
avalanche  growth  of  the  variables.  The 
possibility  of  heat  transfer  in  radial 
direction  -  "around”  the  emitting  spot 
is  principle.  In  one-dimensional  model, 
when  energy  distributes  only  in  the 
direction,  normal  to  the  surface,  the 
instability  develops  for  any,  even 
rather  small  J®.  Therefore,  we  can 
conclude,  that  the  limit  value  of 
initial  current  density  growths  up  with 
the  decreasing  of  the  emitting  area. 

In  the  experiments  the  emitters 
(the  ’’basis”  radiuses  about  1  mk)  with 
microtips  on  their  surface  were 
studied.  From  such  cathode  the  total 
current  6A  was  extracted  without  the 
explosion  for  pulse  duration  20  ns.  If 
estimate  the  limit  current  density  for 
such  emitter  being  smooth,  using  the 
relationship  ® 

=  B  , 

where  t*:Kpi  -  the  time  of  the 
instability  development,  R  -  radius  of 
emitter  apex.  B  -  constant,  equal  for 


tungsten  2.1^10’®  in  SI  units.  Total 
current  may  be  calculated  as  I  = 
,  where  for  such  fields 

is  about  2,5.  The  calculated  limit 
value  of  total  current  for  smooth 
emitter  is  Ic  =  2.8  A.  The  experimental 
value  6  A  is  more  than  twice  bigger 
than  Ic.  So,  we  can  conclude  that  in 
frames  of  the  considered  model  the 
rebuilt  emitter  with  the  localization 
of  emission  in  several  emitting  centers 
can  provide  not  only  moi'e  high  current 
densities,  but  also  higher  values  of 
total  current. 

The  quality  analysis  showed,  that 
for  nanometer  tips,  when  the  notion  of 
temperature  is  already  not  correct  the 
limit  current  density  is  more,  than  for 
rather  big  tips.  So,  the  results,  based 
on  heat  transfer  equation,  correspond 
with  preliminary  kinetic  estimates, 
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ABSTRACT 

Field  evaporation  of  Ir  field  emitters  at  high  temperatures  T  and  electric  fields  F  was  studied  by  means  of  field 
electron,  ion  and  desorption  microscopy.  An  initial  emission  of  Ir-ions  was  observed  only  from  the  angles  of  build 
up  emitters  at  relatively  low  F,  The  rise  of  F  in  1.5  times  in  comparison  with  build  up  stage  led  to  formation  of 
microprotrusions.  These  microprotrusions  moved  along  the  edges  between  the  angles  of  Ir-single  crystal  and  played 
role  of  the  centers  of  nucleation  of  new  crystal  layers.  The  macrooutgrowths  on  the  close-packed  planes  were  produced 
by  field  crystal  growth  and  there  were  microprotrusions  always  on  the  corners  of  macrooutgrowths.  Field  evaporation 
of  macrooutgrowths  took  place  at  definite  T  and  F.  This  evaporation  was  observed  as  “effect  of  collapsing  rings”. 

1.  INTRODUCTION 

This  article  is  concerned  with  field  evaporation  of  Ir  at  high  temperatures  T  =  1300-1700  K,  when  the  phenomena 
is  complicated  by  diffusion  and  crystal  growth  processes.  The  process  of  low  temperature  field  evaporation  (field 
evaporation  at  cryogenic  T  =  4.2—77  K)  was  studied  in  many  articles  during  a  long  time^  but  high  temperature  field 
evaporation  was  studied  recently  and  there  were  only  some  papers^" ^  dealing  with  “hot”  field  evaporation  of  W  and 
Mo. 

The  process  of  high  T  field  evaporation  is  very  interesting  both  from  scientific  and  applied  point  of  view.  It  is 
interesting  to  extend  the  number  of  studied  materials  and  to  determine  the  fields  F  and  T  for  specific  processes  on  a 
surface.  The  tips  under  the  action  of  high  T  and  F  can  be  used  as  sources  of  host  material  ions.  These  sources  can 
operate  for  a  long  time  with  enough  stability  and  play  significant  role  in  nanotechnology.  It  is  hard  to  produce  these 
sources  of  refractory  metals  by  other  methods.  New  data  about  local  structure  of  emitting  centers  and  possibility 
of  their  decreasing  in  dimension  are  very  important  for  nanotechnology.  Ir  is  of  special  interest  because  it  is  used  in 
scanning  tunnel  microscopy  as  corrosion — preventive  material. 

2.  EXPERIMENTAL  METHOD 

The  experimental  installation  could  operate  as  field  electron,  ion  and  desorption  microscope.  The  installation 
consisted  of  pumping  system,  tube  of  microscope  with  image  amplifier  (two  channel  plates)  and  system  for  introduce 
of  imaging  gases  (He,  Ne,  H2).  Field  ion  microscope  enables  to  observe  the  surface  of  single  crystal  tip  with  atomic 
resolution  at  T  =  77  K,  field  electron  microscope  enables  to  observe  of  this  surface  with  resolution  of  20-50 A  at 
T  —  77-1000  K  and  field  desorption  microscope  has  a  possibility  to  visualize  the  surface  at  the  T  up  to  nearly 
melting  point  by  means  of  ions  of  host  material  of  tip.  When  a  negative  voltage  V  was  applied  to  the  tip  the 
installation  operated  as  field  electron  microscope.  When  a  positive  voltage  V  was  applied  and  the  imaging  gas  was 
introduced  into  the  chamber  (p  =  lO'^-lO"^  Torr)  the  device  was  operated  as  a  field  ion  microscope.  The  regime  of 
field  desorption  microscope  took  place  when  tip  with  positive  voltage  Y  was  heated  at  the  T  =■  1300—1700  K.  The 
values  of  electric  field  strength  F  were  obtained  by  means  of  Fowler-Northeim  plots^  \g{ijV’^)  =  /(l/V")  {i  emission 
current)  assuming  that  work  function  of  Ir  is  =  5.0  eV.^  The  slope  of  Fowler-Northeim  plot  produced  the  value  of 
field  factor  a  =  F/F,  when  a  is  known.  The  Ir-single  crystal  tips  of  annealed  form  (after  heating  in  vacuum  at  high 
T)  with  the  radii  of  curvature  about  1  pm  were  used. 

3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  action  of  high  F  and  T  leads  to  significant  shape  changing  of  initial  tip.  Fig.  1  demonstrates  the  field 
electron  images  of  main  stages  of  shape  changing  process.  These  images  were  observed  at  the  room  T  and  show  the 
final  result  of  T  —  F  treatment. 
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(a)  (b)  (c)  (d) 

Fig.  1.  Field  electron  images  of  the  various  stages  of  thermo-field  shape  changing 
of  Ir-tip.  The  time  of  the  treatment  is  1  min.  (a) — initial  annealed  form  of  the 
tip,  r  «  11000  A.  (b)— after  T-  F  treatment  at  T  =  1500  K  and  =  0.3  V/A. 

(c) — after  T—F  treatment  at  T  =  1500  K  and  F  =  0.45  V/A.  (d) — after  smoothing 
of  the  tip  in  the  state  “c”  at  T  =  1800  K. 


(a)  (b)  (c)  (d) 

Fig.  2.  Field  desorption  images  of  the  surface  of  Ir-tip,  r  =  9000  A  in  Ir-ions 
(aHc),  electron  image  (d).  (a)— T  =  1340  K,  F  =  1.55  V/A.  (b)— T  =  1340  K, 

F  =  1.65  V/A.  The  collapsing  ring  is  observed  on  the  plane  (111),  (c) — T=  1340  K, 

F  ~  1.65  V/A.  The  collapsing  ring  is  observed  on  the  center  plane  (001).  (d) — The 
field  electron  image  at  T  =  300  K  of  the  surface  corresponding  to  the  Fig.  2c  after 
collapse  of  the  ring.  The  small  macrooutgrowth  remained  on  the  center  plane  (001). 

If  the  tip  of  initial  annealed  form  (Fig.  la)  is  heated  at  the  T  >  900-1000  K  in  the  presence  of  F  =  0.3-0. 4  V/A 
well  known  phenomena  of  build  up  in  electric  field  is  observed.  This  process  stops  with  the  stage  of  fully  build  up® 
when  the  tip  is  faced  by  most  close-packed  planes  only:  (111)  and  (100)  for  Ir.  Fig.  lb  demonstrates  the  image 
of  this  stage,  only  four  bright  emitting  corners  are  observed  in  direction  (023).  The  rise  of  F  up  to  0.45-0.5  V/A 
allows  to  observe  the  image  Fig.  Ic  consisting  of  spots  arranged  concentrically  around  the  (111)  and  (100)  poles. 
These  spots  correspond  to  images  of  thermo-field  microprotrusions  with  the  dimensions  about  10-100  A.  After  gentle 
heating  of  the  microprotrusions  without  F  it  is  possible  to  observe  the  macrooutgrowths  on  the  four  planes  {111} 
and  center  plane  (001)  (Fig.  Id).  The  macrooutgrowths  are  comparable  in  dimensions  with  the  planes  of  the  tip  on 
which  they  are  grown  and  have  the  structure  and  faceting  of  the  tip-crystal. 

Field  desorption  microscope  enables  to  observe  the  surface  directly  in  the  process  of  thermo-field  treatment  of 
the  tip.  At  first  the  fully  build  up  stage  takes  place  and  the  same  image  as  at  Fig.  lb  is  observed.  In  this  case  the 
image  is  produced  by  Ir-ions  evaporating  from  corners  (023).  The  initial  annealed  form  will  be  reconstructed  when 
the  pressure  of  electric  field  strength  is  more  than  the  pressure  of  surface  tension  strength.  The  value  of  F  necessary 
for  build  up  of  initial  form  of  the  tip  is  F  of  the  treatment  (Ftr).  This  Ftr  ranges  from  0.36  V/A  to  0.25  V/A  when 
T  rises  from  1300  K  to  1700  K.  If  Ftr  and  T  are  constant  the  tip  is  reconstructed  and  sharpened  and  real  F  near 
the  curved  tip  surface  increases.  This  process  is  finished  when  the  tip  reaches  the  second  stable  form — fully  build 
up  form.  When  the  ion  emission  is  observed  the  final  F  (Ff)  is  higher  than  Ftr,  of  course.  Ff  varies  from  0.94  V/A 
to  1.16  V/A  and  does  not  depend  on  T  practically  .  The  full  build  up  form  is  a  stable  form  and  emission  from  the 
corners  can  be  observed  for  a  long  time.  Then  if  we  want  to  observe  the  next  stage  we  should  increase  Ftr  up  to 
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1.06-1.58  V/A.  Firstly  one  or  some  additional  spots  appear,  these  spots  move  along  the  edges  between  the  corners 
of  crystal.  They  are  images  of  microprotrusions.  These  microprotrusions  play  a  role  of  the  centers  of  nucleation 
of  new  crystal  layers.^  This  is  necessary  for  the  process  of  the  macrooutgrowths  growth.  This  form  is  unstable 
because  the  shape  of  the  tip  is  changed  continuously.  The  third  stable  form  is  reached  when  the  macrooutgrowths 
of  enough  height  grow  on  the  close-packed  planes  and  the  microprotrusions  exist  on  the  edges  and  corners  of  these 
macrooutgrowths.  This  form  can  be  stable  if  the  flow  of  atoms  from  the  shank  to  the  top  of  the  tip  is  compensated 
by  field  evaporating  atoms  flow.  The  field  desorption  image  at  this  stage  is  demonstrated  by  Fig.  2a. 

Many  spots  are  observed  concentrically  around  the  poles  of  (111)  and  (100).  The  increase  of  Ftr  up  to  1.16- 
1.65  V/A  leads  to  a  new  phenomena.  The  bright  rings  consisting  of  separate  spots  are  formed  on  the  periphery 
planes  (111)  and  center  plane  (100).  These  rings  are  collapsed  periodically.^  The  radius  of  this  ring  decreases  fast, 
the  ring  collapses  to  the  center  of  the  plane  and  disappears.  Fig.  2b  demonstrates  such  ring  on  the  left  plane  (111) 
and  Fig.  2c — on  the  center  plane  (100).  The  collapse  of  a  ring  continues  for  1-2  seconds  and  the  interval  between 
collapses  varies  from  some  seconds  to  30  seconds  at  various  T  and  F .  Therefore  certain  time  is  required  to  form  a 
ring  which  is  collapsed.  This  process  was  observed  for  20-30  minutes  at  least  and  only  on  the  close-packed  planes. 

The  process  of  collapsing  rings  was  observed  at  cryogenic  T  many  times  in  field  ion  microscopy  with  atomic 
resolution.^  This  is  well-known  phenomena  of  field  evaporation  of  two-dimensional  monolayers  consisting  of  the  atoms 
of  crystal  tip  at  certain  F  and  T  when  field  is  enough  to  evaporate  the  edge  atoms  of  upper  two-dimensional  layer. 
In  this  case  the  radius  of  this  layer  decreases  continuously  and  the  layer  disappears.  This  process  takes  place  with 
constant  velocity  at  invariable  F.  It  is  possible  to  determine  the  rate  of  field  evaporation  if  the  number  of  the 
collapsing-rings  per  second  is  known. ^  In  our  case  we  observed  another  phenomena,  although  it  looks  like  effect  of 
collapsing  rings  at  cryogenic  T.  The  spots  on  the  field  desorption  image  represent  not  atoms  but  the  microprotrusions. 
When  we  have  the  third  stable  form  the  rate  of  evaporation  of  the  atoms  from  microprotrusions  is  equal  to  the  rate 
of  diffusion  flow  from  the  shank  to  the  top  of  a  tip.  The  rise  of  F  leads  to  disturbance  of  the  dynamic  equilibrium 
and  the  rate  of  evaporation  begins  to  prevail  the  rate  of  growth.  In  this  case  the  evaporating  macrooutgrowths 
decreases  in  dimensions.  It  is  observed  on  the  image  as  collapsing  rings  of  microprotrusions  existing  on  the  edge  of 
the  macrooutgrowths.  The  scheme  of  this  process  is  shown  on  Fig.  3. 


Fig.  3.  The  scheme  of  the  process  of  collapsing  ring:  (a) — the  views  of  the  field 
desorption  images;  (b) — the  profiles  of  a  tip. 

When  the  diameter  of  macrooutgrowth  decreases  the  local  F  can  increase  and  a  rate  of  field  evaporation  increases 
too  avalanche-like.  The  macrooutgrowth  can  be  evaporated  completely  or  a  small  part  of  this  macrooutgrowth  can 
remain  at  the  center  of  the  plane,  where  F  is  lower.  This  remained  macrooutgrowth  is  observed  on  Fig.  2d  at  the 
center  of  the  plane  (001). 

Thus  the  effect  of  collapsing  rings  on  the  field  desorption  microscope  image  corresponds  to  the  field  evaporation 
of  single  macrooutgrowth  at  high  T  through  the  microprotrusions.  It  is  new  mechanism  of  field  evaporation,  this 
mechanism  was  not  observed  previously.  The  form  of  tip  with  evaporating  macrooutgrowths  is  relatively  stable  form 
too  (the  fourth  stable  form).  This  pulsating  form  can  be  observed  for  a  long  time  in  spite  of  the  blunting  of  the 
tip  at  the  process  of  field  evaporation.  It  is  interesting,  that  the  Ftr  for  transition  from  the  second  to  the  fourth 
stable  stage  varies  from  1.65  to  1.16  V/A  when  T  rises  from  1300  to  1750  K,  but  Ff  for  the  stage  of  collapsing  rings 
varies  from  0.94  V/A  to  1.06  V/A.  Ff  is  significantly  lower  than  Ftr  and  does  not  depend  on  T  practically.  The  form 
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with  macrooutgrowths  is  “more  blunt”  in  comparison  with  fully  build  up  form  and  the  rise  of  Vtr  is  compensated  by 
decreasing  of  field  factor  a. 

The  tips  with  macrooutgrowths  and  microprotrusions  evaporating  the  atoms  can  be  used  as  the  sources  of 
refractory  metal  ions.  We  obtained  the  emission  current  of  Ir-ions  as  ^  3  x  10“^°  A  at  the  T  =  1400  K  and 
Ff  =  1.02  V/A.  The  current  from  single  microprotrusion  was  about  (1-2)  x  10“^^  A,  i.e.  10*^  ions  per  second. 

We  have  a  possibility  to  estimate  the  value  of  the  heat  of  evaporation  of  Ir  in  the  presence  of  high  F  using  Arrenius 
low^  V  =  1/ro  exp(— where  Qf — heat  of  evaporation  in  the  presence  of  held,  tq  =  10“^^  s.  If  T  1400  K 
and  V  =  10^  ions/s,  Q{  =  1.67  eV.  It  is  significantly  lower  than  the  heat  of  evaporation  Q  for  Ir — 6.93  eV.  The  value 
F  =  1.0  V/A  decreases  Q  from  6.93  to  1.67  eV,  but  in  the  case  of  low  temperature  field  evaporation  evaporating 
field  F  =  5.3  V/A  decreases  Qf  down  to  zero  practically. 

4.  CONCLUSIONS 

1.  Four  stable  forms  of  tips  exist  in  the  process  of  thermo-field  treatment — initial  annealed  form,  build  up  form, 
form  with  macrooutgrowths  and  microprotrusions  and  form  with  evaporating  macrooutgrowths. 

2.  The  field  of  treatment  Ftr  necessary  for  transition  from  one  to  another  form  can  be  both  higher  and  lower 
than  final  Ff  for  the  final  form. 

3.  The  new  observed  mechanism  of  field  evaporation  is  connected  with  pulsating  dissolution  of  separate 
macrooutgrowths  by  means  of  evaporation  through  the  microprotrusions.  This  mechanism  manifests  itself  as  ef¬ 
fect  of  collapsing  rings  on  the  field  desorption  images. 
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ABSTRACT 

A  new  set  up  is  described  which  allows  one  to  carry  out  field  electron  microscopic  and  spectroscopic  study  of 
cathode  surfaces  in  direct  correlation  with  there  atomic  structure. 

1.  EXPERIMENTAL  INSTALLATION  DESIGN 

The  investigations  of  the  emissive  properties  of  cathode  microprotrusions,  classical  tip  emitters  and  multi-tip 
systems  in  direct  correlation  with  their  real  atomic  structure  provides  new  possibilities  of  interpretation  of  experimental 
data  and,  correspondingly,  helps  to  raise  vacuum  insulation  and  improve  technical  characteristics  of  emission  devices. 
This  paper  is  concerned  with  the  design  of  a  new  instrument  enabling  to  investigate  the  emission  properties,  electronic 
and  atomic  structure  of  cathodes  by  using  field  emission  methods.  The  set  up  comprises  a  dispersion-type  field  electron 
emission  spectrometer  (FEES)  combined  with  a  field  ion  (FIM)  and  a  field  electron  emission  (FEEM)  microscopes 
fitted  in  a  commercial  ultra-high  vacuum  (UHV)  chamber.  Overall  view  of  the  experimental  set  up,  top  view  of  the 
work  chamber  and  schematic  drawing  of  the  experimental  set  up  are  shown  in  fig.  1,  2  and  3,  accordingly.  Vacuum 
chamber  manufactured  from  stainless  steel  has  three-stage  pumping  system  (the  ultimate  vacuum  is  higher  than  10“^° 
Torr).  The  UHV  installation  is  equipped  with  a  lock  chamber  to  replace  a  specimen  without  breaking  vacuum  in  the 
main  chamber  and  heating  the  vacuum  system. 

A  specimen  holder  has  eight  isolated  contacts  which  may  be  used  for  the  temperature  control,  emission  current 
measuring,  specimen  heating,  etc.  A  specimen  is  cooled  by  liquid  nitrogen  or  helium  (specimen  temperature  is  115  K 
and  75  K,  accordingly)  with  the  use  of  specially  developed  cryogenic  system,  isolated  from  high-voltage  elements.  A 
precision  UHV  mechanical  manipulator  is  capable  of  moving  a  specimen  in  three  directions  and  rotating  around  its 
axis.  Flexible  link  of  specimen  holder  with  cryosystem  and  contact  set  provides  ability  of  moving  of  a  specimen  during 
experiments  and  allows  to  use  all  three  methods  of  study  in  any  sequence. 

The  FIM-FEEM  (see  fig. 2)  uses  a  microchannel  amplifier  56  mm  in  diameter,  the  channel  radius  12  /im.  Emission 
images  can  be  observed  on  a  fluorescent  screen  and  recorded  by  using  either  a  photo-  or  video  camera.  The  micro¬ 
scopes  design  provides  for  applying  a  high  voltage  both  to  a  specimen  and  a  hall  plate  of  microchannel  amplifier, 
thereby  allowing  to  take  low- voltage  measurements  in  the  specimen  circuit  during  experiment.  In  the  latter  case,  the 
microchannel  amplifier  and  fluorescent  screen  is  fed  from  a  specially  designed  high-voltage  regulated  power  supply 
unit,  isolated  from  the  ground.  In  FIM  regime,  the  spectrally  pure  neon,  helium  or  molecular  nitrogen  can  be  used 
separately  or  in  mixture  as  an  imaging  gas.  Figures  4  and  5  shows  FIM  patterns  of  Nb  cathode  microproprusion  and 
Nb  cathode  tip,  accordingly.  Neon  was  used  as  an  imaging  gas. 

FEES^  (fig.  6)  consists  of  seven  cylindrical  electrostatical  lenses  manufactured  from  nonmagnetic  metal  (titanium). 
Energy  dispersion  of  electrons  occurs  due  to  chromatic  abberations  in  the  filter,  consisting  of  the  lenses  IV-VI.  The 
analyser  operates  as  an  electronic  counter.  The  high  sensitivity  is  achieved  by  using  the  secondary  electron  multiplier 
of  channel  type.  The  analyser  resolution,  measured  at  75  K  by  Young  and  Kuyatt  criterion^,  is  30  -  70  meV  depending 
on  the  high-voltage  value  at  the  anode.  Fig.  7  shows  electron  spectra  of  Nb  cathode  microprotrusion  (a)  and  Nb 
cathode  tip  (b)  at  115  K. 

A  specimen  holder  imperdance-matched  with  the  transmission  line  that  allows  one  to  investigate  electrical  strength 
of  vacuum  diodes  and  critical  densities  of  field  emission  current  in  static  and  pulsed  regimes  (response  time  8  nsec). 

The  experiment  is  controlled  and  information  is  gathered  by  a  IBM  PC  AT-286  computer  with  Microlink  and 
IEEE-488  systems  (see  fig. 3).  Special  computer  programs  enable  to  carry  out  an  express- analysis  of  data  in  the  course 
of  the  experiment,  as  well  as  to  conduct  a  detailed  analysis  of  results  after  the  completion  of  the  measurements. 

The  use  of  the  device  may  give  an  important  information  about  emissive  properties  of  cathodes  manufactured  from 
refractory  and  low-melting  metals,  alloys  and  compounds,  such  as,  for  example,  high-temperature  superconductors. 
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Fig.l.  Overall  view  of  the  experimental  setup.  Fig. 2.  Top  view  of  the  work  chamber. 


Fig. 3.  Schematic  drawing  of  the  Fig.4.  FIM  pattern  of  Nb  cathode  Fig.5.  FIM  pattern  of  Nb  cathode  tip 
experimental  setup.  microprotrusion  (P(Ne)=:3xlO“^  Torr,  (P(Ne)=3xlO“®  Torr,  115  K,  4.67  kV). 

115  K,  21.2  kV). 


Fig. 6.  Schematical  drawing  of  the  field  Fig. 7.  Electronic  spectra  of  Nb  cathode  microprotrusion  (a)  and  Nb 

electron  emission  spectrometer.  cathode  tip  (b)  at  115  K. 
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INTRODUCTION 

Processes  of  field  electron  emission,  field  ionization  and  field  evaporation  of  atoms  from  the  emitter  surface 
in  intensive  electric  fields  (10^-10®  V/cm)  are  determined,  in  particular,  by  the  crystallographic  structure  of  the 
emitting  surface.  For  pure  metals,  wherein  the  nonuniformity  of  density  distribution  of  field  emission  current  is 
due  to  various  values  of  factor  this  was  first  shown  by  E. Muller^.  In  the  case  of  emission  from  the  surface 

of  metallic  alloys  the  effect  of  the  crystallographic  structure  on  the  distribution  electron  and  field  ion  emission 
current  density  becomes  more  complicated.  Such  additional  factors  as  the  nature  of  interatomic  forces  responsible 
for  structural  transformations,  different  phase  composition  of  various  areas  of  the  surface,  the  degree  of  long-range 
order  in  relevant  sublattices,  etc.  begin  to  play  a  substantial  role  in  emission  processes. 

The  purpose  of  this  investigation  is  to  elucidate  the  effect  of  alloy  atomic  surface  structure  crystallography  on  the 
processes  of  field  electron  emission  and  field  ionization  in  intensive  electric  fields  (10^-10^  V/cm).  Such  experimental 
conditions  exist  in  the  field  emission  microscope,  where  the  distribution  of  electron  and  field  ion  emission  current 
density  is  influenced  directly  by  the  structure  of  an  atom-clean  surface. 

2,  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

An  analysis  of  electron  and  field  ion  emission  current  density  distribution  is  based  on  the  microimages  of  tip 
emitter  surfaces  of  various  alloys  in  the  conversion  duty  of  the  field  emission  microscope. 

The  best  alloys  for  solving  the  problems  set  in  this  work  were  found  to  be  ones  of  the  Pd(CuAg)  type  in  which 
two  phases  with  various  kinds  of  structure  are  formed  as  a  result  of  precipitation  breakup:  ordered  PdCu  phase  with 
type  B2  crystal  lattice  and  AgPd  solid  solution  with  fee  structure^.  The  distribution  of  ion  emission  from  that  part 
of  the  surface  which  is  occupied  by  the  PdCu  phase  is  a  typical  (for  an  ordered  alloy  in  neon)  image  with  a  distinct 
dependence  on  the  sequence  of  morphological  development  of  crystallographic  faces  (Fig  la).  The  local  variation  in 
the  ion  current  intensity  in  the  microimage  of  the  ordered  crystal  surface  is  also  determined  by  various  reactions  of 
different  species  of  atoms  to  processes  of  field  ionization  and  field  evaporation  (depending  on  chemical  nature  and 
degree  of  long-range  order  in  the  alloy).  The  AgPd  solid  solution  exhibits  a  typical  irregular  image  with  uniform 
distribution  of  ion  current  (indiscernible  from  the  surface  crystallography). 


Fig.L  Field  emission  patterns  of  the  Pd(CuAg)  alloy  at  the  early  stages  of  the  phase  transition, 
(a)  Field  ion  image,  (b)  Field  electron  image,  (c)  Field  ion  image  of  partially  aged  Pd(CuAg)  alloy 
having  orientation  <111>  (the  arrows  show  the  interface  boundary). 
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With  the  same  voltage  at  the  emitter  the  ion  current  density  due  to  AgPd  phase  is  much  lower  than  that  due 
to  the  PdCu  ordered  phase.  At  the  same  time  the  comparison  of  the  intensity  of  the  ion  current  due  to  PdCuAg 
solid  solution  with  that  of  the  ion  emission  from  the  AgPd  phase,  observed  simultaneously  in  one  microimage  of  the 
surface,  shows  that  there  is  a  marked  difference  in  the  density  of  current  due  to  fee  disordered  solid  solutions  with 
different  contents  of  components,  (Fig. lb). 

The  change  in  current  density  at  the  surface  observed  in  the  ion  microimage,  due  to  various  (from  the  point  of 
view  of  crystallography)  phases  can  be  explained  as  being  brought  about  by  selective  ionization  produced  by  atoms 
of  various  species.  This  selectivity  of  ionization  is  caused  by  the  difference  in  the  electric  field  intensity  over  the 
atoms.  The  higher  the  field  intensity  at  a  given  location  over  a  given  atom,  the  brighter  it  glows  on  the  screen. 
The  difference  in  charge  density  at  sites  occupied  by  atoms  of  various  species  leads  to  a  nonuniform  field  at  these 
locations^. 

In  an  alloy  the  charge  distribution  will  show  up  in  the  transfer  of  a  negative  charge  from  atoms  of  a  species 
featuring  a  smaller  attraction  between  electron  and  nucleus  to  those  having  a  stronger  attraction.  Hence,  the  field 
will  grow  in  those  places  that  are  occupied  by  atoms  of  the  species  with  a  lower  force  of  electron  attraction,  bringing 
about  a  brighter  imaging  of  such  atoms.  This  general  mechanism  links  the  probability  of  field  ionization  with  field 
intensity  at  a  certain  position  of  the  atom  on  the  surface.  The  quantitative  approximation  involves  the  calculation  of 
the  actual  probability  of  tunnelling  of  an  electron  moving  from  the  imaging  gas  atom  onto  the  Fermi  surface  in  the 
metal^.  However,  these  parameters  are  related  to  the  set  of  atoms  occupying  the  bulk  of  the  pure  metal.  According 
to  T.T.Tsong^,  when  considering  the  ion  image  due  to  an  alloy  one  must  proceed  from  the  occupancy  and  density  of 
atom  states,  changes  taking  place  therein  as  a  result  of  charge  transfer  within  the  bulk  of  the  material  and  various 
degrees  of  charge  reduction  under  the  action  of  the  applied  potential.  In^  the  behaviour  of  two  species  of  atoms  in 
relation  to  such  effects  is  described  proceeding  from  the  simple  criterion  of  their  relative  forces  of  electron  attraction. 
This  makes  it  possible  to  estimate  the  relative  brightness  of  their  images. 


Fig. 2.  Schematic  representation  of  an  arbitrary  surface  plane  Fig. 3.  Schematic  structure  of  a  plane 
under  field  ion  imaging  conditions.  The  length  of  the  arrow  on  the  field-ion  surface 

is  . a  measure  of  the  ionization  probability  at  its  site^. 

(a)  Pure  metal,  (b)  Solid  solution  alloy. 

It  seems  that  the  most  suitable  parameter  is  the  electron  work  function  since  it  characterizes  not  a  free  atom, 
but  a  set  of  atoms,  at  the  same  time  being  a  measure  of  attraction  of  electron  to  the  ion  frame.  When  two  metals  are 
made  to  contact  each  other  with  their  atoms  their  energy  can  be  reduced  by  transfer  of  electron  from  a  metal  having 
a  lower  work  function,  to  one  with  a  higher  work  function,  both  Fermi  levels  coinciding  when  equilibrium  is  attained. 
Since  the  work  function  is  a  property  of  a  large  set  of  particles,  it  cannot  be  applied  directly  to  individual  atoms. 
Hence,  it  should  be  stressed  that  it  is  applied  as  a  criterion  of  the  relative  force  of  attraction  of  an  electron  required 
for  the  prediction  of  the  direction  of  electron  transfer  between  atoms  of  different  species  in  the  alloy.  One  should 
note  that  while  the  ideal  value  of  the  work  function  must  correspond  to  the  internal  Fermi  potential^,  experimentally 
obtained  values  are  connected  to  this  value  on  the  surface,  where  the  crystallographically  dependent  member,  which 
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changes  with  the  measurement  technique,  is  added^’®.  Under  the  action  of  the  potential  applied  to  charge  transfer 
yet  another  mechanism,  equivalent  to  charge  transfer,  is  added  to  the  transfer  of  charges  between  two  species  of 
atoms  within  the  bulk  of  the  material.  Fig. 2  shows  how  in  an  alloy  an  atom  species  with  a  smaller  electron  attraction 
force  impedes  to  a  lesser  degree  the  displacement  of  conduction  electrons.  Hence,  the  positive  potential  increases  in 
this  location  and  this  species  of  atoms  will  be  imaged  more  intensively.  Similar  to  electron  transfer  between  atom? 
of  various  species  (in  this  case  under  the  action  of  potential),  the  different  capacity  of  atoms  of  various  species  to 
impede  the  displacement  of  conduction  electrons  is  described.  Indeed,  for  a  given  field  F  there  exists  a  definite  charge 
cr  per  unit  of  surface  area,  expressed  as  Thus,  if  the  total  positive  charge  of  one  species  of  atoms  decreases 

as  a  result  of  conduction  electron  displacement  and  in  this  way  impedes  the  "penetration  field”  of  applied  potential, 
the  charge  at  the  atoms  of  the  other  species  increases  proportionally,  balancing  the  whole  system. 

All  the  previous  considerations  pertained  to  atoms  of  various  species  located  in  identical  geometric  sites  of  the 
surface.  Besides  the  dependence  on  the  chemical  nature  of  the  atom,  the  intensity  of  its  ion  image  is  influenced  by 
the  location  of  the  geometrical  position  of  the  atom  on  the  surface.  Because  of  the  different  positions  of  the  atom  on 
the  surface,  (Fig. 3),  the  electric  field  intensity  increases.  One  the  one  hand,  it  is  called  "geometrical”,  considering 
the  classical  picture  of  location  of  object  of  lesser  radius  on  a  conducting  surface  of  larger  radius.  On  the  other  hand, 
the  more  prominent  atoms  have  the  least  coordination  (for  example,  atoms  at  the  step  bend)  and  thus  exhibit  a 
higher  polarization,  i.e.  provide  a  greater  positive  charge  under  the  action  of  the  applied  potential  (due  to  an  easier 
displacement  of  conduction  electrons). 

In  the  pure  metal  the  difference  between  coordination  and  "electronic  size"  does  not  affect  the  image  intensity, 
since  an  atom  having  a  lesser  coordination  will  possess  a  larger  "electronic  size".  In  an  alloy  the  "electronic  size” 
is  determined  by  the  relative  force  of  electron  attraction  by  atoms  of  different  species.  Therefore,  it  was  agreed 
to  designate  the  field  increase  due  to  coordination  as  "geometrical  increase”  and  that  due  to  charge  transfer  as 
"electronic  increase”®. 


The  density  distribution  of  ion  current  drawn  from  the  surface  of  an  alloy  is  described  in  accordance  with  model® 
with  account  taken  of  the  secondary  role  of  the  mechanism  of  selective  ionization  as  compared  with  the  mechanism 
of  selective  field  evaporation.  Practically,  the  selective  evaporation  or  retention  of  atoms  of  one  of  the  components  on 
the  top  faces  of  imaged  planes  is  observed  as  "vacancy"  contrast,  inctsmuch  as  atoms  of  one  species  create  the  surface 
microimage.  The  predominant  evaporation  of  one  species  of  atoms  as  compared  to  another  species  is  determined  by 
the  parameter  AF  =Fa  -  F^,  where  F^  and  Fb  are  evaporation  fields  of  atoms  of  the  solvent  and  dissolved  element, 
respectively^.  Taking  into  consideration  that  for  element  A  the  evaporation  field  is®: 


-3^-3 


+Y^I„  (a^  -  tia^p  +  uaPi  +  P2) 


(1) 


is  the  standard  parameter  of  selective  evaporation  describing  the  difference  of  fields  for  atoms  A  and  B,  occupying 
the  same  place  in  the  step  bend  AFk  =  -  F^.  The  lower  limit  AFjc  existing  with  placement  of  atom  B  in  the 

centre  of  the  given  face  as  compared  to  position  of  atom  A  at  the  step  bend,  must  be  still  greater  than  zero  (AFo), 
since  no  "geometrical"  increase  in  field  AF*  has  yet  been  taken  into  account.  It  is  obvious  that  for  a  predominant 
field  evaporation  of  atom  B  the  quantity  AFo  -  -AF*  must  be  positive.  The  direct  calculation  of  field  increase  in  the 
step  bend,  as  compared  to  the  field  in  the  centre  of  this  face,  is  impossible.  Hence,  as  proposed  by  D.G. Brandon^®, 
the  quantity  AF*  is  taken  in  proportion  to  the  height  of  the  step  of  the  plane,  which  decreases  with  the  collapse  of 
the  top  face. 

A  contrast  of  the  "vacancy”  type,  i.e.  the  experimental  registration  of  the  predominant  field  evaporation,  is 
possible  as  a  rule  with  sufficient  difference  between  evaporation  fields  of  components  making  up  the  alloy.  With 
small  values  of  AF  both  types  of  atoms  can  show  up  in  the  image.  Their  relative  brightness  can  be  described  with 
the  help  of  the  selective  ionization  model. 

It  follows  from  the  above  considerations  that  (p  has  a  considerable  effect  on  the  density  distribution  of  ion  current 
drawn  from  the  emitter  surface.  The  smaller  the  work  function  of  the  alloy  component  electron,  the  brighter  must 
be  the  image  of  this  atom  in  the  ion  micrograph.  On  the  other  hand,  the  regularity  of  the  annular  image  of  the 
alloy  surface  is  also  an  important  factor.  In  an  ordered  structure  an  ion  image  similar  in  uniformity  to  that  of  a 
pure  metal  is  typical,  since  only  one  species  of  atoms,  as  a  rule,  makes  the  main  contribution  to  the  ion  current 
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drawn  from  the  surface.  It  follows  that  for  the  ordered  phase  the  distribution  of  ion  current  density  is  defined  only 
by  the  ” geometrical”  growth  of  electric  field,  just  as  in  the  case  of  a  pure  metal.  The  difference  in  ion  images  will 
be  determined  by  the  type  of  crystallographic  structure  of  the  superlattice.  In  the  case  of  a  solid  solution  phase  one 
must  take  into  account,  besides  the  ’’geometrical”  field  growth,  also  the  ’’electronic  size”.  At  the  same  time  the  ion 
current  density  distribution  is  determined  by  the  statistical  arrangement  of  atoms  at  the  crystal  lattice  sites  (as  a 
result  of  charge  redistribution  on  the  surface  of  the  solid  solution  due  to  the  action  of  the  electric  field).  Parameter 
AFk  for  concentrated  solid  solutions  can  also  serve  as  a  criterion  of  field  evaporation  selectivity^.  In  particular,  in 
the  case  of  phase  AgPd  we  observe  a  predominant  field  evaporation  of  Ag  atoms,  the  nonuniformity  of  the  ion  image 
being  determined  by  the  statistical  arrangement  of  atoms  at  sites  of  the  fee  lattice. 

In  the  field  emission  duty  the  densities  of  cold  emission  currents  drawn  from  the  ordered  phase  PdCu  and 
phase  AgPd  are  interchanged.  The  density  of  field  emission  current  of  fee  phase  is  much  higher  than  that  from  the 
phase  ordered  according  to  B2.  Assuming  that  the  mean  magnitude  of  field  E  at  the  surface  of  a  given  emitter 
(Fig.lc)  has  a  certain  value,  the  nonuniformity  of  distribution  of  electron  emission  current  density  will  depend  on 
the  crystallographic  structure  of  the  emitting  surface.  In  other  words,  the  work  function  of  the  given  area  on  the 
surface  becomes  the  main  parameter  affecting  the  change  in  the  emission  current  density. 

3.  SUMMARY 

The  experimental  data  presented  here  on  the  character  of  distribution  of  density  of  current  of  electron  and  field 
ion  emission  from  the  surfaces  of  type  Pd(CuAg)  alloys  show  the  effect  of  the  crystallographic  structure  and  the  role 
of  electron  work  function  in  emission  processes  taking  place  on  the  surfaces  of  solid  solutions. The  crystallographic 
structure  type,  the  ordered  arrangement  of  atoms,  the  nature  of  interatomic  forces  and  the  chemical  type  of  alloy 
components  remain  essential  factors  in  these  processes. 
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It  is  evident  now  that  the 
internal  mechanism  of  explosive 
electron  emission  and  vacuum  discharges 
is  determined  to  a  considerable  extent 
by  the  dynamics  of  motion  of  the  liquid 
phase  at  the  cathode  surface.  The 
liquid  phase  is  always  present,  if  only 
on  the  individual  sections  of  solid 
cathode,  in  every  type  of  high  voltage 
vacuum  discharge.  What  is  more,  it 
presence  is  fixed  actually  even  on 
carbon  cathodes,  although  the  formation 
of  the  liquid  phase  on  it  is 
fundamentally  inhibited,  since  at 
normal  pressures  carbon  sublimes  by 
passing  the  melting  stage’.  The 
interaction  between  the  external  fields 
and  the  liquid  surface  of  the  emitter 
leads  to  the  emergency  of  different 
types  of  hydrodynamic  instabilities.  As 
a  result,  the  surface  microstructures 
of  different  types  are  formed^.  The 
character  dimensions  of  structures 
produced  have  the  values  which  provides 
for  the  creation  of  the  fields  required 
for  the  emission  sustaining.  As  our 
experiments  show^,  the  development  of 
such  instability  in  super-high 

frequency  (SHF)  fields  results  in  a 
capillary  wave  swing,  that,  even  with 
relatively  low  SHF-field  strengths,  may 
cause  both  field  electron  and  field  ion 
emission®.  In  this  case,  the  high 
degree  of  reproducibility  of  small- 
scale  irregularities  of  the  microrelief 
of  a  liquid  surface  is,  in  our  opinion, 
the  reason  such  emitters  are  highly 
stable. 

However,  in  static  fields,  such 
mechanism  of  the  emission  is 
impossible.  The  situation  is  determined 
by  the  uneven  concentration  of  the 
external  field  at  the  individual 
microprotrusions  which  are  arbitrary 
reproduced  after  every  regular 
actuation.  Any  attempt  to  increase  the 
total  current  of  the  cathode  leads  to 


the  explosions  of  the  irregularities, 
to  formation  of  high  density  cathode 
plasma  clusters,  and  to  transition  to 
the  low- voltage  stage  of  the  discharge. 

To  solve  the  problem,  it  seems  to 
be  logical  to  create  an  artificially 
excited  microrelief.  Being  initiated  by 
the  external  source,  which  is  connected 
immediately  befoi'e  the  high  voltage 
pulse,  such  structure  should  be  able  to 
result  in  a  stable  emission  process. 
For  this  purpose,  the  method  of  ultra¬ 
sonic  excitation  of  liquid  metal  has 
been  selected.  We  treated  a  thin  film, 
that  is  situated  upon  the  substrate, 
vibrated  normal  to  liquid  surface.  In 
this  case,  the  layer  of  liquid  swings 
as  a  single  whole  with  the  substrate 
and  they  both  oscillate  with  the  same 
frequency  Q  and  amplitude  A.  The  volume 
density  of  the  inertial  force 

F  =  n  A  IF  sin  O  t 

stimulates  the  effective  acceleration 
a  =  A  IF  sin  Q  t  (1) 

For  the  unviscous  deep  liquid, 
the  dispersion  equation  for  the 
capillar  wave  on  its  surface  can  be 
written  as: 

e  =  [a:*k®/n  +  g*k]’''® 

(2) 

where  a  ,  n  ,  and  g  are  the  surface 
tension,  density,  and  gravity, 
respectively,  of  the  liquid  material. 

The  deep  liquid  approximation 
requires  that  kH  >>  1.  As  the 

estimates  show,  for  the  typical 
frequencies  of  ultra-sonic  excitation 
<100  -  1000  KHz),  and  for  the  film 

thickness  of  H  >  10  mcm,  such  a  demand 
is  always  satisfied.  Taking  into 
account  that  the  gravity  is  negligible 
<8  ^  =  0)  and  combining  (1)  and  (2), 
one  can  obtain  a  dispersion  equation  in 
a  form: 

eik)  =  8e  (  1  +  h  sin  Q  t 

(3) 

where : 

Bo  =  (a  k®  /  n)’'’® 
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and 


h  =  AJFn/ak2  , 

low,  the  possibility  of 
paraiDetrIc  instability  development 
follows  immediately  from  (3).  This  kind 
of  oscillations  can  be  excited  on 
condition  that  the  frequency  of 
substrate  vibration  is  close  to  the 
double  frequency  of  the  surface  wave 

00=  (  Q  -  p  )/2 

where  -h  0®  /  2  <  P  <  +h  /  2  ,  and 

h  «  1. 

In  this  case,  the  amplitude  of 
the  surface  wave  of  frequency  0®  will 
exponentially  increase  as  exp(St). 
Here, 

S  =  1/2  [  <h  0®  /  2)=^  -  p23’''2  . 

The  surface  perturbations  with 
P=0  are  the  most  rapidly  increasing 
modes.  They  take  place  at  O  =  2  0®. 

For  an  unviscous  liquid,  the 
characteristic  time  for  the  growth  of 
amplitude  of  the  most  rapidly 
increasing  mode  is  Tc  =  4  /  h  0®  , 

It  is  easy  to  present  all  the 
results  as  a  function  of  ultra-sonic 
frequency  fi.  The  length  of  the  most 
rapid  mode  will  be; 

L  =  4  jc  (  a  /  2  n  IF)’'®. 

The  characteristic  time  for  the 
growth  of  this  mode  can  be  written  as 

Tc  =  2®'®  /  (  A  ), 

Note  that  the  initial  amplitude 
of  the  waves  is  a  very  small  value 
because  it  defines  only  by  the  initial 
temperature  of  the  liquid  surface.  As 
usual,  it  is  a  room  temperature.  That 
is  why  the  full  (real)  time  of  surface 
structure  formation  t^  is  much  longer 
than  the  value  of  Tc  (tt  =8-10  Tc). 
The  condition  h  «  1  can  be  expressed 
as 

A  «  (a  /  16  n  n  ®)’''® 

For  the  effect  study,  a  generator 
with  a  frequency  of  Q  =  1.634:10*®  s~’ 
(260  KHz),  was  used.  Under  these 


conditions,  for  the  liquid  gallium,  one 
can  expect:  L  =  35  mcm,  A  <<  1.6  mcm, 
Tc  =  70  mcs,  and  Tt  =  600  -  700  mcs. 

Vith  allowance  for  viscosity,  the 
effect  of  threshold  of  instability  is 
appeared: 

h  >  hth  =  <2®'®  n®^®  M 

where  is  the  kinematic  viscosity.  The 
threshold  amplitude  can  be  obtained  as 

Ai.H  =  <2*^®  n’'®  3i)/(a’^®  fi’'®) 

and,  for  gallium,  At-n  =  0.12  mcm. 

As  a  result  of  threshold  effect, 
the  equation  for  character  time  of  the 
growth  is  changed  : 

Tc  =  2’'®//i  (o/nO®)®'®  (A/Ath-l)-’ 

For  liquid  gallium  it  becomes  to 
Tc  =  64:10-®  [A/At.f>  -13“’  <s)  . 

It  is  not  difficult  to  appreciate 
the  value  of  power  you  need  to  excite 
the  surface  waves.  A  complete  picture 
requires  to  take  into  account  that  one 
must  to  excite  the  layer  of  thickness  H 
and  of  amplitude  A  as  a  whole,  and  that 
it  should  be  done  during  the  time  of 
oscillation  swing  t#.  Besides,  it  is 
necessary  to  create  the  surface  wave, 
having  amplitude,  sufficient  to  the 
value  to  be  registered.  What  is  more, 
the  energy  dissipation,  which  takes 
place  during  the  process  of  oscillation 
growth,  is  also  required  to  be 
accounted.  As  the  calculation  show, 
required  power  is  : 

P  =  0.02  HA®{n”'®n*^®/a’'®>  + 

0. 2a®^®n’ '®«®'®A  + 

0. 5>ia’  [  Vatt/ciF3 . 

For  the  film  of  thickness  H=20  mcm  one 
can  obtain  P=(4-6)  ¥att/cm^ . 

The  process  of  surface 
oscillations  growth  can  reach  some 
stationary  level.  The  conditions  under 
which  this  situation  is  possible:  the 
energy  which  is  dissipated  in  near¬ 
surface  layer  is  equal  to  the  energy 
which  is  produced  by  the  vibrating 
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surface.  The  amplitude  of  the 
stationary  wave  can  be  written  as 

a  =  2.5 

For  the  liquid  gallium  a  C mem]  = 
=  7.6  [Vatt/enP].  Therefore,  the  input 
power  is  about  2-3  Watt/cm-'  will 
warrant  the  amplitude  of  the  surface 
wave  of  (10-15)  mcm. 

It  was  found  that  the  value  of 
ultra-sonic  threshold  power  is  very 
close  to  the  one,  predicted  by  the 
theory 

=0.1  Vatt. 

Specifically,  the  structures  with 
a  character  wave  length  of  10-15  mcm 
were  fixed  at  the  exciting  frequency  of 
O  =  260  KHz.  As  the  experiments 

showed,  such  immobile  waves  may  be  kept 
for  tens  of  seconds  (Fig.  1). 


Fig.  1 


Immobile  wave  on  the  liquid  gallium  in 
vacuum.  A  working  area  is  about  of 
ImaP.  fi  =  260  KHz,  L  =  10  mcm. 

The  dark  stripes  being  observed 
on  a  photo  are  the  positions  of  the 
immobile  waves  centers.  Thus,  the  wave 
length  is  equal  to  a  double  distance 
between  the  neighboring  strips.  The 
amplitude  of  the  wave  has  been  defined 
by  varying  of  microscope  focal  distance 
for  focusing  either  at  the  top  or  at 
the  hollow  of  the  wave. 
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ABSTRACT 


Models  about  arc  roots  need  a  good  knowledge  of  physical  constants  characterizing  contact  material.  With  pure 
metal,  all  the  constants  are  well  known  ;  but  for  alloys  some  are  not  known.  In  this  paper  we  relate  how  we  have  measured 
work  function  of  silver  alloys. 

Measuring  method  used  is  the  Fowler  one  where  photoelectronic  current  produced  by  different  ultraviolet  radiations 
is  measured  in  high  vacuum.  Experimental  set-up  have  been  tested  for  pure  materials  and  then,  have  been  applied  to  some 
silver  alloys. 

Results  about  pure  metals  show  an  evolution  of  the  work  function  with  temperature ;  it  decreases  when  temperature 
increases. 

Results  about  silver-nickel  alloys  show  a  large  dependence  of  obtained  results  with  the  preparation  of  contact 
surface.  For  example,  polishing  and  cleaning  induce,  because  of  atom  migration,  a  large  modiHcation  of  the  ratio  of  the  two 
components  on  surface  ;  this  phenomenon  induces  a  variation  of  work  function  comparatively  with  obtained  values  with 
priiiiary  product.  By  heating  alloy  contact  in  high  vacuum  we  have  observed  targe  variations  of  work  function,  which  result 
from  material  component  vaporisation  by  sheets.  Surface  analyses  by  electron  microscope  produce  proves  of  the 
phenomenon. 

An  empirical  relation  is  given  to  calculate  work  function  of  binary  alloy  when  this  constant  is  known  for  each  alloy 
component 


1.  INTRODUCTION 

Modelization  of  phenomena  describing  arc  root  evolution  needs  accurate  data  on  material  that  gives  rise  to  it  Several 
authors^  have  shown  that  surface  state  and  its  composition  from  initial  ones,  have  an  effect  on  cathodic  spot  duration,  on 
^cir  dimensions  and  cathode  erosion  ;  this  is  due  to  electron  crossing  from  electrode  metallic  state  to  plasma  state  of 
ionizing  region.  In  this  case,  presence  of  materials  different  from  basic  one  or  existence  of  micro  tips  yields  electric  fields 
which  extract  electrons.  To  improve  understanding  of  these  phenomena,  we  have  measured  work  function  for  different  cases 
of  basic  material  evolution.  Experimental  method  developed  and  used^  is  based  on  measuring,  in  vacuum,  photoelectric 
currents  emitted  by  electrode  exposed  to  ultraviolet  radiations  of  different  wave  lengths  and  same  intensity. 

In  the  first  part  of  this  paper,  we  give  our  results  for  three  pure  metals  (silver,  copper  and  nickel)  versus  temperature. 

In  second  part,  we  show  how  varies  work  function  of  AgNi  alloy  versus  physical  conditions  and  its  composition. 


2.  RESULTS  FOR  PURE  METALS 

Electrodes  used,  made  with  pure  metal  (99.99  %),  have  a  cylindrical  shape  with  8  mm  in  diameter,  3.5  mm  in 
height  and  are  exposed  to  UV  radiation  ;  their  actived  surface  is  curved  with  curvature  radius  of  18  mm.  Before  using  them, 
contacts  are  polished  and  then  cleaned  and  rinsed  with  distilled  water. 
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Results  obtained,  at  room  temperature,  for  pure  metals  (copper,  silver  and  nickel)  are  in  good  agreement  with  those 
of  other  authors^  and  so  that  shows  that  our  experimental  method  is  valid. 

Table  1  gives  work  function  evolution  when  emitting  electrode  is  heated  at  different  temperatures,  in  vacuum.  We 
have  seen  that  the  material,  even  perfectly  cleaned,  does  not  give  immediately  after  putting  it  in  vacuum  chamber,  stable  and 
reproducing  values.  It  is  necessary  to  wait  some  hours  ;  that  corresponds  to  evaporation  in  vacuum  of  non  metallic  particles 
included  on  surface. 


Table  1 :  Work  function  Wg  variation  versus  temperature  fw  pure  metals. 


Pure  metal 

Temperature 

Ws 

(99.99  %) 

(k) 

(eV) 

296 

4.26  ±  0.03 

Silver 

533 

4.08  ±  0.07 

733 

4.04  ±  0.08 

296 

4.41  ±  0.03 

Copper 

533 

4.23  ±  0.07 

693 

4.23  ±  0.08 

294 

4.51  ±  0.03 

Nickel 

533 

4.24  ±  0.07 

673 

4.23  ±  0.08 

It  did  not  be  possible  to  use  higher  values  of  temperatures  because  a  thermoelectronic  current  is  then  superposed  to 
photoelectric  one,  and  its  fluctuations  are  of  the  same  order  of  photoelectric  current.  Values  on  table  1  show  that  work 
function  decreases  when  metal  temperature  increases.  Variation  of  order  of  0.2  eV  has  a  significant  effect  on  physical 
properties  of  the  new-born  spot ;  underlying  material  does  not  reach  immediately  working  temperature.  It  would  be 
interesting  to  measure  work  function  of  material  reaching  its  melting  point. 


3.  MEASUREMENTS  FOR  AgNi  ALLOYS 

Results  presented  here  concern  two  alloy  compositions  :  70  %  in  silver  mass  for  the  first  and  60  %  for  second 
contact ;  shapes  are  described  on  paragraph  2. 


3.1.  Influence  of  polishing  and  thermal  effect  in  vacuum 


Measurements,  made  with  clean  but  non  polished  materials,  at  room  temperature,  have  given,  after  several  days  in 
vacuum,  stable  values  presented  in  table  2.  We  have  to  point  out  that  variations  are  smaller  than  measure  incertitude  and  that 
the  effect  of  staying  in  vacuum  at  room  chamber  is  not  very  appreciable. 


Table  2 :  Results  at  298  K  for  non  polished  materials. 


Materials 

Ws  (eV) 

AgNi  (70/30) 

4.37  ±  0.03 

AgNi  (60/40) 

4.40  ±  0.03 
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For  polished  contacts,  used  in  the  same  conditions  described  above,  we  have  find  results  shown  on  table  3.  The 
obtained  difference  for  polished  and  unpolished  contacts  is  significant  and  shows  the  effect  of  polishing  which  enriches 
surface  contact  on  silver.  This  conclusion  has  been  confirmed  by  observations  on  electronic  microscope  and  analysis  of 
polished  contact  surface. 


T^le  3  :  Results  at  298  K  for  polished  materials. 


Materials 

Ws  (eV) 

AgNi  (70/30) 

4.33  ±  0.03 

AgNi  (60/40) 

4.34  ±  0.03 

3»2«  Influence  of  contact  heating  in  vacuum 

In  this  type  of  experiments,  results  are  the  same  for  unpolished  contacts  than  for  polished  ones,  for  both 
composition  values.  Contacts  in  ultravacuum  chamber  are  submitted  to  cycles  of  heating  and  cooling  (several  hours).  After 
each  cycle,  at  room  temperature,  work  function  is  measured.  Maximum  value  of  reached  temperature  is  modified  for  each 
cycle. 


Maximum  values  are  the  following  :  350  K,  600  K,  700  K  and  1000  K.  Many  experiments  have  been  made  ;  all  of 
them  show  that  work  function  varies  between  work  function  values  of  each  of  two  components  (4.26  eV  for  Ag  and  4.51  eV 
for  Ni). 


The  nature  of  AgNi  alloy  explains  these  results  ;  both  metals  do  not  mix  like  in  a  solution  and  they  are  generally 
arranged  on  successive  layers.  In  vacuum  when  heating,  both  metals  evaporate  on  surface  and  so  surface  layer  composition 
varies  between  practically  0  %  to  practically  100  %  for  one  of  the  components. 


3.3.  Temperature  influence 


For  polished  AgNi  (70/30)  contacts,  we  have  made  some  measurements  with  heating  temperature  maintained  to  its 
maximal  value  during  several  hours.  Results  are  given  on  table  4. 


Table  4  :  Work  function  variation  for  AgNi  (70/30)  alloy  versus  maximum  temperature  of  the  cycle. 


Cycle 

Maximal  temperature 
(K) 

Measurement  temperature 
(K) 

Work  function 

(eV) 

1 

530 

563 

4.39 

2 

530 

530 

4.42 

3 

580 

580 

4.41 

4 

290 

290 

4.49 

A  comparison  with  table  1  values  for  Ag  and  Ni  shows  that  there  is  inconsistency  for  cycles  1,  2  and  3  :  work 
function  of  alloy  is  significantly  higher  than  this  of  each  component  for  the  same  temperature. 

We  have  obtained  similar  results  for  AgNi  (60/40).  It  is  difficult  to  explain  this  inconsistency. 
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3.4.  Work  function  variation  with  the  number  of  applied  arcs 


Contacts  are  put  in  a  contactor  working  repetitively  on  air.  A  cycle  consists  on  opening  contacts  on  charge  with 
production  of  an  electric  arc  with  adjustable  duration  and  closing  some  seconds  after  arc  extinction  on  zero  voltage. 

For  used  contacts,  adjustments  were  the  following : 

-  arc  duration :  4  x  10"^  sec 

-  arc  current :  linear  variation  with  time  form  36  to  12  amps 

-  arc  voltage :  linear  variation  with  time  from  12  to  35  volts 

-  maximal  space  between  contacts :  5  mm 

-  separation  velocity :  1  m/sec 

-  gas  used :  air  at  atmospheric  pressure. 

When  submitted  to  100  electric  arcs,  AgNi  (60/40)  contact  work  function  varies  from  (4.33  ±  0.03  eV)  to 
(4.30  ±  0.03  eV).  To  obtain  a  very  good  vacuum  for  work  function  measurement,  we  have  to  clean  contact  before 
measuring  it.  It  is  obvious  that  measurement  value  should  not  be  the  same  if  oxides  created  on  surface  remained  on  it. 

Same  measurement  made  after  500  arcs  gives  (4.38  ±  0.03  eV).  In  this  case,  increasing  is  due  to  progressive 
inclusion  of  oxide  on  alloy  surface. 


3.5.  Composition  influence 

Comparison  between  results  of  table  1  and  2,  for  room  temperature  induces  us  to  propose  a  variation  law  of  work 
function  versus  alloy  composition.  Using  results  of  E.  Choi  and  S.  Oh^  on  charge  transfer  in  NixPti-x  alloys  function  of 
atomic  proportion  x  of  Ni,  we  find  a  linear  law  for  work  function  versus  x. 

For  AgxNii.x  alloy,  we  show,  on  figure  1,  this  linear  law  versus  x. 
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4.  CONCLUSION 


Generally  speaking,  we  can  keep  in  mind  from  this  study  that  work  function  of  pure  metals  decreases  with 
temperature  increasing  but  this  is  not  the  case  of  alloys  for  which  we  found  opposite  result  These  two  results  are  significant 
because,  using  arc  root  models,  it  is  possible  according  to  the  use  of  the  contact  (low  currents,  high  currents,  small  arc 
duration, ...)  to  predict  if  contact  material  must  be  made  with  pure  metal  or  with  alloy.  It  should  be  interesting  to  carry  on 
measurements  for  higher  temperatures  until  melting  point  of  the  metal. 

Background  effect  of  thermoelectronic  current  could  be  minimized  increasing  UV  radiation  power  on  studied  contact 
It  is  obvious  that  the  fact  of  putting  contact  in  vacuum  modifies  its  surface  properties  and  cleans  the  surface  when 
temperature  increases. 

Measurement  method  is  well  adapted  to  pure  metal  and  their  alloys,  but  it  is  necessary  to  be  careful  for  composite 
material,  particularly  when  surfaces  are  covered  with  oxide  layer  due  to  action  of  electric  arcs. 
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ABSTRACT 

The  destabilization  of  an  infinite  plane  surface  of  liquid  metal  by  a  normal  electric  field  in  vacuum  has  been  the 
subject  of  different  theoretical  articles:  a^ve  a  critical  field  peaks  grow  on  the  liquid  interface.  A  wavelength  can  be 
attributed  to  the  resulting  pattern.  The  electric  field  at  onset  and  the  corresponding  wavelength  only  depends  of  the  density 
and  the  surface  tension  of  Ae  liquid. 

Above  this  critical  field  a  whole  range  of  wavelengths  are  excited,  each  growing  with  a  different  growth  time:  the  fastest  is 
the  dominant  wavelength. 

We  shall  present  the  influence  on  dynamics  of  the  liquid  viscosity  and  of  the  liquid  bath  depth:  it  can  be  shown  that  the 
dominant  wavelength  is  smaller  with  higher  fields  but  differs  if  the  liquid  film  is  thick  or  thin,  inviscid  or  viscous. 

The  further  development  of  the  pattern  involves  non-linear  interactions.  While  a  stable  deformed  interface  has  been  observed 
on  the  analogeous  case  of  a  magnetic  fluid  under  magnetic  field,  experimentally  (we  worked  with  mercury)  we  only  found 
stable  non-plane  interface  for  a  confined  geometry  (disk  with  a  diameter  of  a  few  mm)  where  the  volume  conservation  makes 
the  destabilization  more  difficult:  indeed  the  critical  field  for  the  obtention  of  peaks  is  then  greater  than  the  value  of  the 
horizontally  infinite  surface.  Otherwise,  some  peaks  emit  at  their  apex,  killing  the  field:  thus  the  peaks  fall,  do  not  emit  any 
more  and  the  electric  field  is  installed  again;  this  gives  an  oscillatory  phenomenon. 

For  a  sufficiently  large  liquid  bath  (compared  to  the  wavelength  so  that  the  approximation  of  an  infinite  extension  is  valid) 
different  wavelengths  can  be  seen,  depending  on  the  electric  field  and  the  way  this  field  was  reached  (slow  or  rapid 
installation).  For  confined  geometries  one  or  two  peaks  grow  on  the  surface  and  the  critical  field  can  be  significantly  higher. 

1.  INTRODUCTION 

We  shall  consider  (see  Fig.l)  a  conducting  and  incompressible  layer  of  liquid  metal  laying  on  a  metallic  electrode. 
The  undisturbed  free  surface  of  the  liquid  is  at  z=0  and  the  electrode  at  z=-a.  Another  electrode  is  disposed  at  z=b,  with 
vacuum  for  0<z<b  and  a  potential  V  is  applied  between  the  electrodes.  The  geometry  will  first  be  supposed  to  be  unbounded 
for  both  X  and  y. 

In  the  following  we  shall  denote  by  p  the  density  of  the  liquid,  S  its  surface  tension,  q  its  dynamic  viscosity,  v=Ti/p  its 
kinematic  viscosity,  by  Cq  the  pennittivity  of  vacuum,  g  the  gravitational  field,  by  the  vertical  displacement  of  the 

interface,  v(x,  y,  z)  the  velocity  of  the  fluid,  e(x,  y,  z)  the  electric  field  in  vacuum  and  by  n(x,  y)  the  unit  vector  normal  to  the 
interface. 

The  stability  of  such  a  film  under  a  normal  electric  field  E(y=V/b  has  already  been  studied  in  linear  theory  (Tonks  Frenkel  \ 
Taylor  Melcher  Nevrovskii  He  et  al  ^,N6ron  de  Surgy  et  al  *): 

It  is  known  that  destabilization  of  an  unbounded  liquid  surface  occurs  only  above  a  critical  field  gS  ,  for  which 

a  pattern  appears,  associated  with  a  critical  wavelength  X,,  =2jt/A:c  =  Inlc  =  where  (resp.  ^  is  the  capiUary 

wavenumber  (resp.  length).  Above  this  field  a  whole  range  of  wavelengths  are  excited,  this  range  being  limited  by  the  curve 
of  marginal  stability.  A  linear  anlysis  leads  to  a  linear  curve  of  marginal  stability  (Fig.2  for  b»l^,  which  is  independant  of 
viscosity  q  and  fluid  depth  a. 

We  shall  present  the  dynamics  of  the  problem  and  an  experimental  study  of  the  pattern  where  the  restriction  of  a  bounded 
geometry  can  affect  the  critical  field  value. 


2.  GENERAL  CASE 


0-81 94-1 581-2/94/$6.00 


SPIEVol.  2259/491 


2.1.  The  equations 


The  system  is  submitted  to  the  following  equations  (for  an  incompressible  fluid,  and  if  q  and  S  are  constant): 
f  div  V  =  0  1 


p[3,  v+ (V' grad)  v]  =  - grad  p  +  Ti  Av+p  g 


for  z  <  C( Jt,  y)  (in  the  liquid  metal) 


curl  e  =  0 

div  e  =  0 


forz>^(jc,y)  (in  vacuum) 


with  the  following  boundary  conditions  (where  ||X||  =  X2  -  X;  =  value  above  the  interface  -  value  under  the  interface, 
r,-^=eo  -  e(/2  8,^ ,  v,-  +dx.  v^ )  and  R-^=  curvature  of  the  interface  (positive  if  towards  the  fluid)): 

^tK-'^z  ntz  C  (free  surface  condition) 

Hlplhi +1^*  ||”jt  ntz  =  C  (stress  balance  at  the  interface) 

<nxe  =  0  atz  =  ^  (liquid  metal) 

v  =  0  atz  =  -fl  (velocity  equal  to  zero  at  the  electrode) 


v  =  0  atz  =  -fl 
e^=ey  =0  &iz  =  b 


(electric  field  normal  to  the  electrode) 


We  limit  ourselves  to  a  linear  analysis:  using  a  Fourier  expansion  enables  us  to  study  the  different  modes  apart.  We  therefore 
look  at  solutions  with  the  following  form: 

A  (r,z,t)=A(x,y,z,t)=a(z)  exp(st-ik.r). 

It  gives  after  some  algebra  the  dispersion  relation  between  the  perturbation  growth  rate  s  and  the  wavenumber  k  (the  modulus 
of  the  wavenumber  k)  for  a  field  Eq. 

4qk^[q-kcoth{ka)coth{qa)^-{q^  +k^)  \q  coth(l:a)coth(^fl)-A:]  + 


Aqk‘^(q^ +k'^)  ^  p 
sinh(Azz)sinh(^fl)  q' 


with  q^  =k^  +— 
V 


-[5*^ -eojE'oA:^coth(A:(>)+  p  gl:j[^coth(^a)-A:coth(foz)] 


In  the  case  of  a  vanishing  viscosity,  the  equation  (3)  can  be  simplified;  we  retrieve  the  classical  result  of  an  inviscid  layer: 

p  sf  =[-51:^ +eo£'oCOth(A:(>)A:^ -p  g  l:]tanh(A:a) 


Figure  1.  Principle  of  the  experiment 
2.2.  The  dispersion  equations  for  the  different  behaviours 


Figure  2.  Curve  of  marginal  stability  and  dominant  modes 
(for  b»l=\lk^,  so  that  coth(I:(?)=l) 


The  hypothesis  used  to  derive  the  different  equations  should  be  verified  around  the  dominant  mode  ^=in)ax’  obtained 
for  ds/dk=0,  provided  the  potential  has  been  applied  sufficiently  quickly:  if  the  field  is  applied  too  slowly  the  transition  will 
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occur  before  the  maximal  potential  will  be  reached  (for  a  very  slowly  applied  field  the  transition  occurs  near  the  critical  field) 
and  once  the  instabilities  have  begun  to  grow,  an  increase  of  the  potential  will  not  change  the  wavelength. 

The  time  needed  to  put  the  potential  should  be  smaller  than  the  growth  time  (l/s)  if  we  want  that  ds/dk=0  corresponds  to  the 
most  important  (dominant)  mode. 

The  film  is  called  thick  (resp.  thin)  if  a»2nlX  (resp.  a«2nlX)  and  inviscid  (resp.  viscous)  if  (resp. 

«  max(/:^  therefore  encounter  asymptotic  behaviors  that  we  summed  up  in  Table  I. 


thick 

thin 

inviscid 

P  +eoEo^oth(/:^)/:^ -p  gk 

P  =[-5'/:^  +  EqEq  coth( kb) -p  gl^ka 

viscous 

-Sk  +  eoEQCOth(kb)~--^^ 

Table  L  Dispersion  relations  in  asymptotic  cases 


The  curve  of  marginal  stability  is  defined  by  s(k)^0,  which  gives  pg-EoE^^k  co\h(kb)-Sk^-0,  and  plotted  in  Fig.  2  with  the 
dominant  mode  for  each  case. 


3,  EXPERIMENTAL  STUDY  OF  THE  PATTERN 

The  hquid  used  is  mercury.  As  usual  for  liquid  metals  viscosity  can  be  neglegted,  and  we  shall  work  with  sufficiently 
thick  layers,  unless  otherwise  stated. 

The  experimental  device  is  showed  in  Fig.  3  and  the  electrical  scheme  in  Fig.  4.  The  electric  field  is  obtained  thanks  to  two 
electrodes.  The  order  of  value  of  this  field  is  70  kV/cm.  Is  is  well  above  the  disruptive  field  of  air  (30  kV/cm)  so  that  vacuum 
has  to  be  made.  The  d.c.  supply  (Spellman  DC  Supply)  allows  tension  up  to  110  kV.  We  therefore  took  a  value  of  b  from  0.5 
to  1  cm. 

The  geometry  of  the  bath  is  axisymetric:  the  initial  surface  is  a  disk  of  radius  R.  An  electochemical  treatment  of  the  lateral 
boundaries  has  been  performed  leading  to  an  anchorage  of  the  liquid  at  r=R.  The  bath  is  filled  so  that  the  initial  surface  is 
flat  (a  consequence  of  the  electrochemical  treatment  is  that  there  is  no  fixed  contact  angle),  see  Fig.  5(a),  and  remains  flat  till 
the  aitical  field  (no  deflection  of  zeroth  order). 


C’  is  the  capacitance  formed  by  the  two  electrodes 


Figure  4.  Electrical  scheme 


3.1*  Laterally  unbounded  geometry 
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We  shall  first  study  the  case  of  a  large  bath:  it  means  that  the  pattern  in  the  central  part  of  the  bath  has  enough  place 
to  forget  the  lateral  boundary  conditions,  so  the  dimensions  of  the  bath  are  great  compared  to  the  wavelength.  The  system  can 
be  considered  as  unbounded  (in  the  horizontal  directions). 

Experimentally  it  is  difficult  to  observe  the  initial  linear  stage  of  the  phenomenon.  As  the  peaks  grow  further  non-linear 
interactions  become  important  and  the  selection  of  the  resulting  pattern  (squares,  hexagones...as  in  other  analogous  situations 
^1)  is  made  by  these  interactions. 

Once  the  peaks  grow  they  emit  at  their  apex  when  the  radius  of  the  tip  is  sufficiently  small.  A  current  I  occurs  so  that  the 
capacitance  formed  by  the  two  electrodes  is  short-circuited:  the  tension  at  R2  (V)ij2=/?2*/)  is  sufficiently  great  so  that  Vq=0. 
Due  to  the  current  and  to  the  alimentation  potential  it  was  not  possible  to  obtain  a  stable  emitter  in  vacuum. 

We  performed  experiments  with  V positive  and  negative  so  that  emission  of  electrons  or  ions  occurs. 

The  value  of  the  field  that  we  found  (£'^=70  kV/cm)  was  lower  than  the  predicted  one  {E=15  kV/cm),  with  the  listed 
properties  of  mercury  (p=13,5  g/cm^,  5=450  dyn/cm):  an  optical  measurment  of  the  surface  tension  gave  a  significantly  lower 
value  in  air  (5=370  dyn/cm,  corresponding  to  the  value  given  by  Taylor  and  McDewan^):  as  the  bath  was  filled  in  air  without 
special  preparation  it  can  explain  the  value  of  5  in  vacuum  and  therefore  the  value  of  the  critical  field. 

The  non-stabilization  and  the  emission  of  the  peaks  kill  the  field  by  the  short-circuit.  Once  the  field  is  zero  again  the 
instability  tend  to  disappear  and  the  current  therefore  stops.  If  the  tension  supply  is  still  connected  the  field  is  installed  again 
and  the  instability  can  grow  another  time. 

This  gives  an  oscillatory  behavior  that  can  be  observed  from  the  tension  measured  by  an  oscilloscope  (Fig.  6).  After  some 
time  one  can  see  an  oscillatory  pattern  with  a  given  wavelength  (Fig.  5(c)). 

Increasing  the  tension  of  the  alimentation  then  shortens  the  wavelength. 

It  is  also  seen  that  the  phenomenon  occurs  with  hysteresis:  the  oscillatory  pattern,  once  obtained,  continues  to  exist  with  an 
applied  tension  lower  than  the  critical  tension  (Fig.  5(d)). 


Figure  5.  Patterns  in  large  geometry  {R-2  cm) 

a:  No  electric  field,  b:  At  onset,  c:  Above  onset,  d:  Under  the  critical  field  after  transition  (hysteresis) 
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Slow  installation  of  the  tension: 


Time  (seconds) 


Figure  6.  Typical  evolution  of  the  tension  (b  =  S  nun) 


3.2.  Contined  geometry 


For  a  confined  geometry  (i.e.  the  radius  of  the  bath  is  of  the  order  or  less  than  the  wavelength  which  corresponds  for 
mercury  to  a  diameter  <  1  cm)  one  does  not  see  a  real  pattern  but  a  small  number  of  peaks.  The  confinement  makes  the 
destabilization  more  difficult  when  the  liquid  is  properly  anchored  at  the  lateral  walls  because  the  wavelength  must  fit  the 
bath.  The  critical  field  is  then  higher  (Table  II)  and  a  stable  non-emitting  defonned  interface  can  be  observed.  A  stable 
emitting  surface  was  not  obtained  in  vacuum  (due  to  the  current  as  explained  above). 


Radius  R  of  the  bath  in  cm 

0.10 

0.15 

0.20 

0.25 

0.30 

0.35 

0.40 

0.50 

4.00 

Field  at  onset  (in  kV/cm) 

132 

112 

100 

86 

82 

77 

77 

70 

70 

Table  II.  Critical  field  at  onset  for  small  radii  of  the  bath 


A  rigourous  calculation  of  the  critical  field  for  a  radius  R  has  been  performed  elsewhere  The  corresponding  law  fits  well 
with  the  following  form: 


(4) 


where  is  a  parameter  (coherence  length)  of  the  order  of  and  E^  («)  the  criUcal  field  in  unbounded  geometry. 

It  is  possible  to  observe  that  this  deformation  corresponds  to  a  displacement  of  the  surface  combination  of  functions  of  the 
typ®  cos(tn  0)  where  is  the  usual  Bessel  function  of  first  kind.  For  small  baths  a  single  value  of  tn  leads  to  an 

approached  solution  near  to  the  complete  solution:  a  critical  field  EJm,R)  can  be  attached  to  each  mode.  If  the  fields  are  not 
equal  the  onset  is  reached  for  a  given  m  (corresponding  to  mm(EJm,Ry)i  In  this  case  m  is  the  number  of  peaks  and  m=l  is 
the  first  mode  to  be  destabilized  for  small  radii. 


We  have  plotted  in  Fig.  7  y=j 
5=370  dyn/cm)  data. 


( (  E  (/?)  ^ 

versus  x=Ln(/f ),  with  experimental  and  calculated  (/n=l  dashed  line,  with 
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The  equation  (4)  corresponds  to  y=Ln(^^)-x  and  a  linear  regression  gives  (R  was  taken  in  cm  in  the  formula): 
y=Ln(0.18)-0.98  x.  So  it  gives:  -1^  =  0.17  cm. 

For  higher  values  of  the  field,  the  curvature  becomes  large  enough  and  is  not  stable  any  more.  The  apex  becomes  significantly 
thiner  and  then  begins  to  emit. 

So  a  pattern  can  be  observed  on  a  large  bath  which  appears  for  the  well-known  critical  field  of  unbounded  geometry.  A  small 
number  of  peaks  appear  for  a  small  bath  at  a  new  and  higher  critical  field  E^(R),  we  then  found  a  stable  deflected  surface. 

An  intermediate  case  occurs  for  diameters  that  only  allow  a  small  number  of  peaks  but  for  which  the  critical  field  is 
approximately  equal  to  the  one  of  the  infinitely  large  case  (diameter=l  cm).  In  this  case  no  stabilization  of  the  emitter  has 
been  observed  in  vacuum  for  our  values  of  b.  In  very  small  bath  (R=l  mm)  we  found  a  deflection  of  the  surface  which  was  not 
straightly  followed  by  emission.  For  thin  layers  of  mercury  and  gallium  an  experimental  stabilization  of  the  liquid  emitter  has 
been  performed  by  replacing  vacuum  by  paraffin  oil:  the  current  is  then  sufficiently  small  so  that  the  electric  field  still  exists. 

4.  CONCLUSION 

The  destabilization  of  a  liquid  interface  by  a  normal  electric  field  fits  well  with  the  usual  linear  theory.  However,  the 
effects  of  the  lateral  geometry  can  affect  the  critical  value:  for  very  small  sizes  of  the  bath  the  field  necessary  to  obtain  a 
deflection  of  the  liquid  surface  is  significantly  higher.  The  obtention  of  the  pattern  was  obtained  thanks  to  the  boundary 
conditions:  anchorage  of  the  fluid  on  the  lateral  bath  boundaries  and  volume  conservation;  it  prevents  a  destabilization  of 
zeroth  order  before  onset.  Stabilization  of  the  pattern  was  not  observed  in  vacuum  due  to  the  current  emission  that  killed  the 
field,  instead  an  oscillatory  behaviour  takes  place:  this  prevents  a  full  pattern  of  sharp  peaks  to  be  obtained.  We  observed  that, 
once  it  has  appeared,  the  instability  grows  till  emission,  except  in  very  confined  geometry. 
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ABSTRACT 

The  problem  of  field  evaporation  (FE)  of  the  high  temperature  Superconductors  (HTS)  is  discussed.  The 
experimental  data  were  obtained  by  techniques  of  wide-angle  atom-probe  and  probe-hole  atom-probe.  These  data 
are  analyzed  with  the  aims  to  estimate  the  binding  energy  A  of  removing  particle  from  the  surface  and  to  find  some 
possible  correlation  between  simultaneously  detected  species.  Both  results  of  these  processing  show  that  destroy  of 
unit  cell  of  HTS-crystal  at  the  elementary  act  of  FE  is  essentially  nonequilibrium  process,  and  that  well  developed 
FE-theory  of  metals  is  only  partly  valid  for  HTS-materials. 

1.  INTRODUCTION 

Field  Evaporation  (FE) — cold  evaporation  of  material  of  conducting  sample  in  the  presence  of  high  electric  field 
is  now  well  studied  for  metals,  alloys  and  some  semiconductors.^  This  process  as  a  kind  of  ion  emission  in  high  field 
can  be  involved  in  various  breakdown  (and  especially  prebreakdown)  phenomena. 

High  Temperature  Superconductors  (HTS)  promise  to  be  applied  in  many  electrical  devices  both  in  scientific 
and  industrial  fields.  Therefore  the  problem  of  prebreakdown  phenomena  regarding  to  HTS-materials  is  significant 
and  interesting  in  connection  with  main  topics  of  this  symposium.  However,  the  behaviour  of  HTS-material  in  high 
electric  field  and  the  field  evaporation  of  these  materials  in  particular  is  still  not  so  carefully  and  fully  studied  as  for 
example  in  the  case  of  refractory  metals.  Modern  HTS-materials  are  multy  component  oxide  crystals  with  composition 
and  structure  (usually  some  kind  of  perovskite  lattice)  essentially  more  complicated  in  comparison  with  metals.  At 
the  field  evaporation  of  metals  the  removing  of  an  atom  does  not  change  principally  the  situation  for  removing  of  the 
next  one.  Therefore  we  consider  this  process  as  equilibrium  process  in  some  approximation.  At  the  field  evaporation 
of  HTS-material  such  reproducible  situation  could  be  realized  when  whole  the  unit  cell  of  the  HTS-crystal  would  be 
removed  in  elementary  act  of  the  field  evaporation.  However,  the  possibility  of  removing  by  FE  as  ion  of  individual 
atoms  or  small  radicals  i.e.  only  a  part  (and  small  part)  of  this  unit  cell  is  now  well  proved.  In  this  case  the  situation 
for  the  next  step  of  field  evaporation  after  previous  one  will  be  changed  periodically  in  spite  of  the  keeping  constant 
all  the  conditions  of  the  experiment.  Such  situation  we  will  consider  as  nonequilibrium. 

The  main  aim  of  this  paper  is  to  analyze  some  experimental  data  regarding  to  the  field  evaporation  of  HTS- 
crystals  and  to  show  that  the  FE-process  is  really  more  complicated  for  the  HTS-materials,  than  for  the  metals. 
We  also  try  to  find  out  some  ways  of  obtaining  the  experimental  data  which  enable  to  extend  our  theoretical 
understanding  of  such  complex  problem  as  field  evaporation  of  HTS-material. 

2.  EXPERIMENTAL 

Two  kind  of  atom  probe  technique  have  been  used  for  the  field  evaporation  of  HTS-materials:  wide-angle  atom 
probe  and  probe  hole  atom  probe.  Both  devices  are  combination  of  field  ion  microscope  with  time  of  flight  mass- 
spectrometer  and  enable  to  remove  surface  atoms  (or  group  of  them)  after  observation  of  surface  structure  usually  in 
atomic  scale.  The  operation  of  the  device  carries  out  usually  in  so  called  soft  regime  when  one  pulse  of  high  voltage 
removes  only  one  or  two  (and  very  seldom  three  or  more)  particles  from  the  surface  but  more  often  it  does  not 
remove  anything  at  all.  Field  electron  and  field  ion  calibration  enables  to  obtain  such  data  as  field  factor  /?  =  F/V 
(F — field  strength,  V — voltage)  and  work  function  (p?  Field  ion  image  (usually  with  nitrogen  as  image  gas)  was  used 
for  visualization  of  the  surface  structure  and  proving  its  purity  and  perfection.  Measuring  of  evaporating  voltage  was 
used  for  evaporating  field  Fq  determination.  Liquid  nitrogen  could  fill  the  cold  finger  and  then  solid  nitrogen  could 
be  produced  there  by  pumping.  Therefore  the  experiments  could  be  performed  both  at  the  temperature  (T)  reliable 
low  than  phase  transition  T  —  %  and  at  some  higher  T  up  to  room  temperature. 

We  have  used  in  the  FE-experiments  the  HTS-material  such  as  (123)  single  crystals  on  the  base  of  Tb,  Eu  and 
Gd.  More  detailed  description  of  electrical  and  registration  circuits  and  principals  of  results  processing  are  presented 
in  original  papers. 
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3.  ESTIMATION  OF  BOND  ENERGIES  IN  HTS  SINGLE  CRYSTALS 


The  theory  of  FE  developed  for  metals^  enables  one  to  determine  the  Tond  energy  A  of  an  atom  leaving  the 
surface® 

A  =  \/ FeJi^e^  -  /n  +  rnp,  (1) 

n 

where  Fe,  (p  and  n  (ion  change)  are  measured  and  In — the  energy  of  ionization  to  form  n-fold  charged  ion — should 
be  known  from  a  handbook,  e — is  electron  charge.  The  formal  application  of  equation  (1)  to  experimental  data  for 
Ell  (123)  crystal  has  given  the  result  shown  in  Table  1. 


Table  1 


Ion  species 

Ba++ 

Eu++ 

Eu+++ 

Cu+ 

Cu++ 

ot 

BaO+ 

EuO+ 

A(eV) 

4.73 

3.63 

-6.48 

0.73 

-7.17 

-3.55 

1.95 

4.45 

The  binding  energy  A  has  reasonable  values  for  Ba"*""*"  and  Eu"^"*"  only.  They  are  close  to  the  corresponding 
binding  energies  in  the  oxides  BaO  (5.8  eV)  and  (5.71  eV).^  It  means  that  for  these  electropositive  metal  atoms 
(Ba  and  Eu)  the  classical  theory  of  field  evaporation  is  rather  valid.  Practically  the  ion  Eu"*""*"^  is  observed  in  atom 
probe  spectra  more  often  than  relatively  rare  ion  EU++  .  However,  the  transformation  of  Eu"*""*"  to  Eu'^+'^  can  be 
realized  easily  by  post  ionization  in  a  very  high  field.  Oxide  ions  BaO"^  and  EuO"*"  have  also  the  A  values  that  is 
not  too  strange.  May  be  it  explains  the  great  number  of  oxide  ions  in  the  FE-spectra  of  the  HTS-materials.  FE  of 
species  in  oxide  form  can  be  energetically  profitable.  Nevertheless,  the  A  for  many  species  typical  for  the  FE-spectra 
are  very  strange:  too  small  or  even  negative.  It  could  mean  that  they  release  at  the  too  small  field  as  compared 
with  the  field  expected  from  the  theory  of  FE  and  formula  (1).  It  is  natural  to  suppose  that  some  redistribution 
of  interatomic  bonds  takes  place  after  removing  of  some  particles  such  as  Ba,  Eu,  BaO,  EuO  from  the  unit  cell  of 
Eu  (123).  The  disturbed  part  of  the  surface  relaxes  and  shoots  by  some  other  ions  practically  simultaneously  and  at 
the  same  field  necessary  for  release  of  some  mentioned  electropositive  ions.  This  field  is  theoretically  normal  for  the 
electropositive  ion  and  too  small  for  such  species  as  Cu”^,  0”^,  Cu++.  The  same  estimation  of  A  with  practically  the 
same  result  were  carried  out  recently  for  Tb  (123).®  It  is  obvious  from  this  A-estimations  that  the  theory  of  FE  has 
to  be  developed  taking  into  consideration  the  peculiarities  of  multycomponent  chemically  complicated  conductors 
generally.  From  the  idea  of  the  relaxation  of  the  unequlibrated  unit  cell  becomes  also  clear  that  simultaneous  release 
of  some  correlated  pairs  (or  more  large  groups)  of  field  evaporated  species  is  quite  probable. 

4.  SEARCH  FOR  CORRELATED  ION  GROUPS  IN  THE  FE-SPECTRA 
4.1.  Experiments  with  wide-angle  atom  probe 

An  area  of  about  10®  with  about  10^  surface  atoms  was  analyzed  in  these  experiments  on  the  sample  of 
well  cleaned  (by  FE)  single  crystal  of  Eu  (123).  Practically  every  pulse  removed  from  the  surface  one,  two  or  three 
particles.  Nevertheless  such  regime  of  FE  has  to  be  considered  as  soft  one  because  of  relatively  large  analyzing  area. 
After  181  acting  (non-zero)  pulses  (caused  release  at  least  one  ion)  more  than  360  ions  were  detected.  However,  this 
removed  material  consisted  of  small  part  of  the  monoatomic  layer.  Then  it  reasonable  to  consider  the  overall  field  to 
be  constant  during  the  whole  experiment.  The  integral  FE-spectrum  for  this  studied  surface  is  shown  for  example 
in  Ref.  6.  The  methods  of  processing  of  measured  data  are  described  in  details.®’"^  Here  we  present  the  results  of  the 
FE-experiments  separately  for  three  groups  of  detected  ions  (Fig.  1),  for  pulses  when  only  one  species  was  detected 
(Fig.  la),  when  two  species  (Fig.  lb)  and  three  species  (Fig.  Ic)  were  detected  simultaneously. 

Table  2 


Type  of  pairs  Detected  amount  Type  of  triplets  Detected  amount 


CuO++-Cu++ 

34 

CuO++-Cu+-Eu20J++ 

11 

Cu++-Cu+ 

7 

CuO++-Cu+-EuOj+ 

2 

CuO++-EuOj+ 

4 

Cu++-Cu+-Eu20J++ 

2 

Eu+++-Cu+ 

3 

Eu+++-Cu+-Eu20J++ 

2 

EU+++-EU2OJ++ 

3 

Therefore  we  consider  these  three  partial  spectra.  The  experimental  conditions  are  shown  at  figure  capture. 
These  spectra  are  so  called  line  spectra,  drown  with  the  assumption  that  time  of  flight  error  At  =  ±5  ns.^  From 
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comparison  of  these  three  spectra  is  clear,  that  ion  has  peak  of  maximum  height  on  the  Fig.  la  spectrum.  It 

means  that  release  of  Eu++‘*'  species  as  single  is  more  probable.  Opposite  to  them  such  ions  as  CuO"^"*"  and  Cu‘^+  are 
released  mainly  as  pairs.  Heavy  ions  such  as  EuG"^"^  and  EU2O3  are  not  presented  at  Fig.  la,  they  are  released 
in  pairs  and  EU2O3 mainly  in  triplets.  The  Table  2  summarizes  the  associates  of  lattice  ions  which  were  observed 
more  often  and  shows  the  number  of  such  associates. 

It  is  easy  to  see  that  some  most  often  observed  pairs  are  included  in  most  often  observed  triplets.  The  whole 
number  of  the  detected  pairs  is  86  and  of  the  detected  triplets  is  46.  It  is  obvious  that  the  great  number  of  CuO++- 
Cu++  pairs — 34  (or  even  47  if  one  takes  into  account  13  such  pairs  included  in  triplets)  is  more  than  expected  value 
based  on  the  idea  of  random  events.  The  same  conclusion  could  be  done  for  Cu'*"+-Cu’^  associates  and  may  be  for 
some  others.  The  more  rigorous  statistical  analysis  is  here  hardly  possible  because  only  the  kind  of  species  is  well 
detected  in  these  experiments.  How  many  individual  ions  correspond  to  some  certain  peaks— it  may  be  established 
not  always,  though  too  great  number  of  ions  in  the  peak  (more  than  2-3)  is  improbable. 


Time  of  flight  (ns)  Time  of  flight  (ns)  Time  of  flight  (ns) 

Fig.  1.  Wide-angle  atom  probe  spectra  for  Eu  (123)  (Tc  =  95  K)  obtained  under  the  following  conditions:  vacuum 
is  better  than  10“^  Torr,  liquid  nitrogen  cooling  of  the  sample.  Resulting  voltage  V  is  the  sum  of  base  steady  state 
voltage  Vo  and  pulse  voltage  AV:  V  =  Vo-f  Al^  =  (10  +  2)  kV.  Surface  was  reliable  cleaned  by  field  evaporation,  (a) 
Line  spectrum  of  single  ions,  (b)  Line  spectrum  of  pairs  of  ions,  (c)  Line  spectrum  of  triplets  of  ions.  The  groups  of 
ions  at  plots  (b)  and  (c)  are  indicated  by  corresponding  shading. 

4.2.  The  experiments  with  probe-hole  atom-probe 

Fig.  2  shows  the  FE-spectrum  for  Gd  (123)  obtained  at  cryogenic  temperature  (liquid  nitrogen  cooling)  in 
probe-hole  atom-probe.  It  is  typical  for  such  spectra  studied  also  for  Sm  (123)  and  Bi  (2212)  materials.  These 
spectra  consist  of  many  detected  lattice  species  such  as  metal  and  oxide  ions.  We  analyze  more  detailed  namely 
these  Gd  (123)-spectrum. 

The  regime  of  operation  in  these  experiments  was  soft  also.  Only  264  pulses  from  2587  were  non-zero  removing 
at  least  one  particle  from  the  surface.  It  enables  us  to  believe  that  each  elementary  peak  registered  by  detector 
corresponded  to  single  ion,  and  rigorous  statistical  analysis  was  possible  here.  9  kinds  of  ions:  Cu'*"'*"  (or  Oj), 
Gd+++,  Ba+'*‘,  GdO'^'*',  CuOj  (or  GdJ"’"'^),  Gd20j'^"^,  Ba*^,  Gd+,  GdO*^  were  detected.  From  this  set  of  ions  36 
kinds  of  pairs  could  be  formed  principally.  However,  only  14  kinds  of  such  pairs  were  detected  in  the  real  experiment. 
Some  of  them  were  detected  several  times  (from  3  to  8),  besides  they  could  be  involved  in  rather  rare  triplets  and 
groups  of  4  ions.  From  264  effective  pulses  219  have  given  single  species,  35 — two  species  (pairs),  8 — triplets,  and 
2 — four  species.  Choosing  the  pairs  which  were  detected  more  than  three  times  (including  the  groups  with  3  and  4 
species  also)  we  have  obtained  that  pairs:  Gd'^'^‘*'-Cu'^'^,  GdO'^-Ba'*"*",  Gd'^'^'^'-Ba'^’^ ,  Gd“*"*"*"“Gd203  ■^,  Gd+++- 
GdO'*"'^  were  formed  essentially  more  often  than  it  could  be  predicted  on  the  base  of  theory  of  probability.  The 
arising  probability  for  all  the  pairs  numerated  above  was  at  least  three  times  higher  than  theoretically  calculated 
one.  More  impressive  difference  between  real  probability  of  observation  and  predicted  probability  was  revealed  for 
triplets  and  especially  for  groups  of  4  species.  These  observations  seem  to  prove  the  idea  of  existence  of  correlated 
pairs  (or  groups)  in  the  FE-spectra  of  HTS-materials.  Some  preliminary  observations  were  carried  out  on  other 
HTS-materials  both  at  cryogenic  and  room  temperatures.  They  have  shown  many  individual  peculiarities  however 
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the  observation  of  some  groups  of  species  as  well  as  absence  of  some  theoretically  expected  groups  are  not  in  good 
agreement  practically  always  with  the  model  of  random  events.  More  detailed  this  problem  is  discussed  in  Ref.  9. 


0  20  40  60  80  100  120  140  160  180  200  220 


Mass  to  charge 

Fig.  2.  Probe-hole  atom-probe  spectrum  of  Gd  (123)  (Tc  =  92  K) 
obtained  under  the  following  conditions:  vacuum  is  as  10“®  Torr, 
liquid  nitrogen  cooling  of  the  sample.  V  =  Vq AV  =  (7  +  3)  kV. 

5.  CONCLUSION 

All  the  material  considered  above  shows  that  field  evaporation  of  HTS-crystals  is  complicated  and  essentially 
nonequilibrium  process  of  destroy  of  unit  cell.  The  development  of  theory  of  FE  of  the  multycomponent  substances 
is  necessary.  The  careful  investigation  of  statistics  of  the  field  evaporating  groups  of  species  can  shed  some  light  on 
the  nature  of  interatomic  bonds  and  their  changing  at  phase  transition  at  Tc. 
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ABSTRACT 

Thermionic  emission  of  new  material  compositions  are  studied.  Combinations  of  rare  earth  materials  and  tungsten  offer 
great  potential  as  thermal  electron  emitter  into  vacuum.  The  thermal  emission  properties  of  these  materials  are  studied  and 
compared  to  thoriated  tungsten  as  a  well-known  theimal  emitter.  The  corresponding  work  functions  and  Richardson 
Dushman  constants  are  evaluated.  The  chemistry  involved  and  the  emission  mechanism  are  discussed. 

1.  INTRODUCTION 

Thermal  emitting  cathodes  are  used  in  vacuum  electron  tubes  for  many  applications  as  e.g.  transmitters,  industrial 
generators,  lasers,  microwave  or  radar  applications.  Thermionic  emission  has  become  also  important  for  new  applications  in 
accelerators,  high  resolution  microscopy  or  field  emitter  displays  etc. 

Standard  materials  for  directly  heated  cathodes  of  electron  tubes  are  based  on  thoriated  tungsten  (WTh).  In  the  last  years, 
however,  new  materials  have  been  investigated  ^  This  is  due  to  newly  developed  manufacturing  technologies  that  allow 
for  new  material  combinations  and  also  because  of  stricter  environmental  and  health  legislation  to  avoid  the  handling  of 
radioactive  components  like  thorium.  The  reports  of  the  past  were  mainly  restricted  to  rare  earth  materials  in  a  molybdenum 
matrix  It  was  thereby  possible  to  reduce  the  typical  heating  temperature  of  a  cathode  filament  by  up  to  200  degrees  to 
obtain  the  same  emission  as  that  of  thoriated  tungsten.  The  basic  mechanism  was  not  studied. 

In  this  study  we  investigate  fundamental  aspects  of  thermionic  emission  of  new  materials  (rare  earth  components  in  a 
tungsten  base)  and  compare  the  results  to  standard  material. 


2.  MODEL  OF  THERMIONIC  EMISSION 


Theoretical  models  of  thermionic  emission  are  well-known  and  can  be  found  e.g.  in  The  release  of  an  electron  from  the 
bulk  of  a  solid,  e.g.  a  clean  homogeneous  metal,  requires  an  energy  given  by  the  work  function  <|)  .  The  work  function  is 
defined  by  the  potential  difference  between  the  Fermi  level  with  energy  Sf  and  the  energy  of  the  vacuum  level  eVoo  for 
infinite  distance  x  =  «>  of  an  electron.  Since  measurements  of  physical  parameters  like  the  saturation  current  involves 
application  of  an  accelerating  field,  the  potential  barrier  at  the  surface  can  be  lowered  further  by  the  Schottky  effect. 


Fig.  1 

Static  substrate  model  according  to  Gurney  ^ 

The  model  describes  the  energy  levels  of  a  solid 
with  an  adsorbed  atom  of  energy  that  is 
broadened  near  the  surface  to  result  in  a  spectrum 
of  local  density  states  with  FWHM  2  R 


The  situation  is,  however,  not  as  simple,  if  a  multi-component  system  is  considered.  The  simplest  approach  is  that  for  an 
emitting  atom  of  type  A  placed  on  a  solid  metal  of  type  B.  This  may  be  described  by  the  static  substrate  model,  which  was 
originally  develop^  by  Gurney  for  adsorbed  atoms  The  system  of  thoriated  tungsten  or  rare  earth  atoms  in  tungsten  can 
be  dealt  with  in  this  manner,  because  mono-layers  of  thorium  or  rare  earth  atoms  are  formed  on  the  surface  of  the  tungsten 
base  material.  The  model  is  depicted  in  fig.  1  (confer  ref.  6).  If  a  free  atom  approaches  the  bulk  material  and  finally  is 
attached  to  it,  its  energy  level  changes  from  a  distinct  value  to  a  broadened  spectrum  of  local  density  states  near  the 
surface  due  to  the  interaction  with  the  atoms  of  the  bulk  material.  Fig.l  shows  the  density  of  states  with  FWHM  of  2  F. 
The  barrier  for  the  electrons  is  at  tlie  same  time  reduced  by  the  attached  atom  and  new  states  can  be  filled  up.  These  new 
states  reduce  tlie  work  fimction  by  A<j).  For  values  of  the  lowering  of  the  work  function  due  to  such  effects  see  e.g.  ref .7. 
The  model  becomes  more  complicated,  if  higlier  coverages  occur.  Then  also  interactions  between  the  different  mono-layers 
must  be  considered,  i.e.  mutual  influence  of  the  corresponding  dipoles.  This  will  lead  to  a  deviation  from  the  linear  decrease 
of  and  is  not  wanted  for  applications  like  cathode  filaments  of  electron  tubes. 
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To  obtain  layers  of  thorium  or  rare  earth  atoms  basically  two  ways  are  possible 

•  produce  a  coating  of  thorium  or  rare  earth  atoms  on  a  pure  substrate  of  tungsten,  or 

•  utilise  a  multi -component  substrate  consisting  of  tungsten  and  a  corresponding  oxide  (e.g.  Th02). 

The  second  method  makes  use  of  powder  metallurgical  processes  to  manufacture  the  substrates  e.g.  in  the  form  of  wires.  In 
order  to  generate  a  layer  of  thorium  or  rare  earth  materi^  at  the  surface  of  such  a  substrate,  a  special  chemistry  is  necessary 
to  continuously  reduce  the  oxide.  This  can  be  accomplished  by  a  W2C  coating  aroimd  the  tungsten  base  material.  The 

process  to  coat  tungsten  wires  in  the  appropriate  way  is  known  as  "carburisation"  and  described  e.g.  in 

As  an  example  the  chemistry  of  thoriated  tungsten  is  given.  The  rare  earth  reactions  are  corresponding.  The  following 


reactions  play  the  most  important  part  at  the  surface  and 

in  the  layers 
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Reaction  (1)  describes  the  generation  of  thorium  atoms  at  the  surface  even  whitiiout  W2C  coating.  This  reaction  is 
important  at  high  temperature.  The  W2C  coating  allows  a  thorium  production  at  lower  temperature  and  therefore  lower 
thorium  evaporation  by  reaction  (2).  The  unwanted  side-reactions  (3)  and  (4)  contribute  only  little  in  the  temperature  range 
considered.  Reaction  (5)  is  the  carburisation  process  itself,  whereas  reaction  (6)  is  a  loss  process  producing  WC  which  again 
prohibits  thorium  formation  at  the  surface  e.g.  by  reaction  (3).  Optimum  conditions  for  the  formation  of  thorium  layers  are 
in  the  temperature  range  between  1400  K  and  2200  K,  in  which  the  experiment  was  performed. 

In  this  study  mainly  electrical  properties  were  measured.  The  most  easily  obtainable  physical  parameter  is  the  saturation 
current  density  J  which  is  given  for  electrons  emerging  from  clean  homogeneous  metal  surface  at  temperature  T  by  the 
Richardson-Dushman  equation 


A 


m,e 


h 

kb 


J  =  A(l-re)T2  exp(-(|)/kbT),  (7) 

=  4  n:  m  k(,  e  /  =  120  A  cm  ^  degree  ’2, 

=  electron  mass,  charge 
=  Planck's  constant, 

=  Boltzmann's  constant 

mean  value  of  the  zero-field  reflection  coefficient  for  the  incident  electrons  ^  (neglected  in  the  evaluations  below) 


3.  EXPERIMENTAL  ARRANGEMENT 

The  experimental  set-up  is  sketched  in  fig.  2.  Single  wires  are  investigated.  Each  wire  is  mounted  by  a  special  holder  to 
allow  for  experiments  of  particularly  brittle  carburised  test  wires.  The  complete  set-up  is  mounted  in  a  vacuum  chamber.  A 
typical  vacuum  of  better  than  5  10“^  mbar  is  obtained  by  a  turbo-molecular  pump.  Particular  care  is  taken  to  install  clean 
wires.  They  are  fixed  between  insulated  pincers  and  connected  to  a  variable  voltage  source.  In  that  way  direct  heating  of  the 
wires  is  possible  under  well-defined  conditions.  The  test  substrate  is  mounted  concentrically  in  a  cylindrical  system  made  of 
molybdenum  that  functions  as  an  anode.  The  cylindrical  configuration  consists  of  three  parts.  During  the  emission 
measurement  the  two  outer  parts  arc  grounded  to  cathode  potential  in  order  to  reduce  distortions  of  the  applied  electrical  field. 
The  anode  system  has  a  slit  of  1mm  width  to  be  able  to  measure  the  wire  temperature  pyrometrically.  A  two  colour 
pyrometer  is  used  that  is  carefully  calibrated  by  comparison  measurements.  The  gap  spacing  is  chosen  such  that  it  is 
possible  to  take  measurements  witii  the  applied  pulsed  source  also  in  the  space  charge  region.  The  source  and  measurement 
devices  are  in-house  developed  instruments  to  fulfil  the  special  measurement  requirements.  A  condensor  is  charged  to 
voltages  up  to  2000V  and  discharged  via  a  thyristor  across  the  test  sample  imder  investigation.  Pulse  length  is 
approximately  2ms.  The  voltage  U  between  filament  and  anode  cylinder  is  displayed  versus  emission  current  1^ 
simultaneously.  The  filament  current  1^  and  voltage  are  monitored  as  well.  The  display  is  calibrated  by  an  internal 
calibration  source.  Lanthanum,  cerium  and  thorium  containing  wires  are  manufactured  by  powder  metallurgical  methods. 
For  the  investigation  of  the  thorium  coverage  of  tungsten  a  wire  with  a  thorium  coating  was  produced  by  evaporating 
thorium  from  a  substrate  and  coating  a  tungsten  wire.  All  wires  used  in  the  experiments  are  pre-treated.  The  wires  are 
electro-polished  and  carburised.  At  the  end  of  the  carburisation  process  special  care  is  taken  to  make  sure  that  no  crack 
products  of  hydrocarbons  from  the  carburisation  process  are  present  at  tlie  surface  of  the  wire.  After  mounting  into  the 


502 /SPiEVoL  2259 


vacuum  cli3nibcr  the  test  ssinples  sre  conditioned  for  seversl  hours.  Samples  trented  in  thut  way  show  reproducible, 
optimised  emission. 


Fig.  2 

Experimental  arrangement 
Ijr  :  cathode  filament  current 
Uj^ :  cathode  filament  voltage 
/g  ;  emission  current 


4.  RESULTS  AND  INTERPRETATION 

Fig.  3  shows  the  emission  behaviour  of  a  lanthanum  (La)  as  well  as  a  cerium  (Ce)  containing  tungsten  wires.  For 
comparison  also  the  typical  emission  of  a  thoriated  tungsten  (Th)  wire  is  given  that  is  used  for  directly  heated  cathode 
filaments  in  commercial  electron  tubes.  A  current  density  of  several  Alcafi  can  be  achieved  with  the  rare  earth  mataials  at 
temperatures  of  approximately  2(X)  degrees  lower  than  that  of  thoriated  tungsten. 


Fig.3 

Measured  temperature  dependence  of  the 

current  density  of  the  materials  thoriated  tungsten  (Thf  .i 

lanthanated  tungsten  (La)  and  ceriated  tungsten  (Ce) 
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filament  temperature  T  [  K  ] 

Three  different  ranges  of  emission  can  be  distinguished.  This  is  best  seen  for  the  case  of  lanthanum.  In  the  temperature  range 
up  to  approximately  1700  K  the  curve  follows  closely  the  Richardson-Dushman  formula.  For  the  evaluation  of  these 
measurements  equation  (7)  was  fitted  to  the  data.  For  lanthanum  on  tungsten  the  Richardson  constant  A(La-W)=:76A/cm  K 
and  a  work  function  (j)  (La-W)  =  2.71  eV  were  obtained.  For  cerium  on  tungsten  the  results  are  A  (Ce-W)  =  62A/cm  K 
and  d)  (La  -W)  =  2.68eV.  Above  1700  K  a  saturation  of  the  emission  is  observed  for  lanthanum.  A  distinct  non  linear 
behaviour  due  to  the  exponential  behaviour  of  equation  (7)  should  result  in  a  deviation  from  the  curve  only  at  Mgh^ 
temperatures.  The  observed  reduction  of  the  emission  beginning  at  approximately  1700  K  is  due  to  strong  evaporation  of 
lanthanum  atoms  into  vacuum  at  higher  temperatures.  Thereby  a  depletion  of  lanthanum  in  the  tunpten  matnx  occurs 
which  finally  stops  the  emission  from  lanthanum  atoms.  Therefore  the  second  range  betw^n  approximately  1770  K  and 
2200  K  is  a  transition  region.  Above  2200  K  the  measured  curve  again  closely  follows  a  Richardson  Dushman  behaviour. 
The  corresponding  evaluation  reveals  a  constant  A  =  160  A  /  cm^K^  and  a  work  function  <(»  =  4.55  eV.  These  values 
demonstrate  that  pure  tungsten  emission  occurs  (theoretical  for  a  pure  metal  A  =  60  A/cm^K^,  (j)  (W)  =  4.5  -4.8  eV).  That 

is  why  the  third  range  is  the  tungsten  emission  range.  r  i.  •  c 

In  order  to  gain  more  insight  into  the  transition  region  it  was  tried  to  estimate  the  rare  earth  coverage  of  the  wires.  For 
comparison  again  a  thoriated  mngsten  test  sample  was  evaluated  that  was  coated  by  a  monolayer  of  thorium.  The  coverage 
a  can  be  evaluted  by  a  fit  of  a  superposition  of  the  two  Richardson  Dushman  equations  f((j),T)  for  the  materials  involved, 
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(8) 


f  {  (t)(x-W),  (|)(W),  T}  =  a  f  {  (|)(x-W),  T}  +  ( 1  -  a  )  f  {(j) (W),T}, 
where  x  =  La  or  Th.  For  the  thorium  coated  wire  it  is  known  that  for  most  efficient  emission 

a  =  1  =  constant.  (9) 

This  occurs,  when  there  is  an  equilibrium  between  diffusion  of  the  tliorium  atoms  to  the  surface  and  tlieir  evaporation  into 
vacuum.  Close  to  1800  K  the  conditions  of  diffusion  and  evaporation  are  in  equilibrium  and  therefore  satisfy  equation  (9). 
For  lanthanum  highest  efficiency  is  near  1500K.  That  is  why  values  of  tlic  coverage  of  a  ==  1  should  be  obtained  at  around 
1800  K  for  tungsten  and  1600  K  for  lanthanum.  Deviations  -  in  particular  values  of  a  >  1  -  will  show,  whether  several 
mono-layers  are  present  or  not. 

1.0 
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O 
O) 

Fig-4  g 

Measured  coverage  of  tungsten  base  material  o  q  _  ^ 

by  lanthanum  (La),  thorium  (Th)}  this  study 
and  from  Spangenberg  ^  ^  ^ 
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The  dependence  of  the  coverage  as  a  function  of  filament  temperature  T  is  given  in  fig.4.  The  experimental  values  for 
thorium  on  tungsten  (open  circles)  demonstrate  that  up  to  1800  K  there  exists  a  monolayer  of  thorium  (a  -  1),  which  is 
reduced  and  finally  diminishes  at  around  2500  K.  Also  a  plot  from  Spangenberg  ^  is  given  (full  squares)  who  investigated 
the  diffusion  of  thorium  in  the  same  temperature  range.  Good  correlation  is  found  with  the  published  data.  The  lanthanum 
behaviour  (full  dots)  is  in  principle  the  same,  but  shifted  by  approximately  200  to  300  degrees  towards  lower  ^temperature. 
Again  mono-layers  build  up  before  the  evaporation  becomes  too  strong  at  high  temperature.  There  is  a  slight  deviation  in 
the  curvature  of  fig.  5  at  about  1700  K  for  lanthanum  and  about  2000  K  for  thorium.  Possibly  at  coverages  of  around  90  % 
the  interaction  between  the  bulk  and  the  adsorbed  atoms  is  more  complicated  to  describe. 

5.  SUMMARY 

We  have  studied  thermionic  emission  of  material  combinations  of  rare  earth  material  and  timgsten.  A  simple  model  was 
given  to  describe  the  expected  reduction  of  work  functions  involved.  Lanthanum  as  well  as  cerium  show  similar  emission 
behaviour  as  thoriated  tungsten.  In  order  to  obtain  the  same  emission  current  density  as  that  of  thoriated  tungsten,  it  is 
possible  to  operate  cathode  filaments  approximately  200  K  lower  than  thoriated  tungsten  filaments. 

Measured  work  functions  are  2.71  eV  for  lanthanum  and  2.68  eV  for  cerium.  The  value  of  cerium  is  close  to  the  reported 
value  of  a  cerium  solid  l^anthanum  shows  the  expected  reduction  of  work  function.  The  value  reported  in  ^  could  be 
confirmed  precisely.  Evaluation  of  the  coverage  revealed  that  up  to  1700  K  a  mono-layer  is  present  for  lanthanum  on 
tungsten  with  optimum  emission  properties.  Application  of  these  new  materials  will  now  depend  mainly  on  an  optimised 
composition  of  materials  to  enable  a  long  lifetime  of  cathode  filaments. 
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ABSTRACT 

This  paper  is  devoted  to  theoretical  and  experimental  investigation  of  high  power  microwave  Cherenkov  oscillators 
using  of  high  current  nanosecond  electron  ^ams.  The  influence  of  non  synchronous  waves  and  additional  (non 
Cherenkov)  resonance  on  the  process  of  microwave  generation  in  3  cm  relativistic  BWO  are  discussed.  Experimental 
data  presented  in  this  paper  show  that  the  efficiency  of  3  cm  relativistic  BWO  can  achieve  40%  and  pulsed  microwave 
power  -  500  MW.  The  enhancement  of  microwave  power  and  efficiency  of  microwave  generation  was  reached  by 
creating  of  the  non  uniformity  of  the  synchronous  wave  phase  velocity  and  that  of  the  coupling  coefficient  between  the 
electrons  and  the  electromagnetic  wave.  We  experimentally  studied  the  oversize  Cherenkov  oscillators  in  mm 
wavelength.  One  of  them  was  8  mm  120  MW  orotron  with  TMjj-mode  of  the  circular  waveguide.  The  another  one  was 
two  stage  two  electron  beams  8  mm  Cherenkov  oscillator.  The  maximum  of  microwave  power  in  this  experiment  was 
600  MW,  pulse  duration  was  10-15  ns.  All  of  experiments  were  carried  out  by  high  current  electron  accelerators  of  type 
SINUS.  The  performance  parameters  of  our  accelerators  are  the  following:  electron  energy  from  100  to  2000  keV,  beam 
ciurent  from  1  to  20  kA,  pulse  duration  from  5  to  50  ns,  repetition  rate  up  to  200-300  pps. 

1.  INTRODUCTION 

Cherenkov  oscillators,  due  to  their  simplicity,  were  the  first  effective  relativistic  devices  fabricated  on  the  bases  of 
high  current  electron  accelerators  with  explosive-emission  cathodes’’  However,  because  of  imperfection  of  early  high 
current  accelerators  and  methods  of  electron  beam  formation,  only  a  simple  (adaptive)  version  of  Cherenkov  oscillators, 
i.e.,  a  relativistic  backward  wave  oscillator  (BWO),  or  a  carsinotron  operating  at  centimeter  waves  received  primaiy 
attention  in  experiments  for  a  rather  long  period  of  time.  Recent  progress  in  the  field  of  high  current  accelerators^  has 
made  it  possible  not  only  to  increase  the  efficiency  of  the  relativistic  centimeter  BWO^  and  to  create  the  millimeter 
BWO^,  but  to  create  a  number  of  relativistic  oscillators  with  resonant  electrodynamic  systems  in  millimeter  wavelength; 
orotron*,  surface  wave  oscillators^,  BWO-twistron*,  flimatron^.  Here  we  describe  some  of  our  experiments  on  Cherenkov 
oscillators  with  vacuum  electrodynamic  systems  in  the  form  of  sections  of  periodic  metallic  waveguides.  We  give  here 
the  short  description  of  our  experimental  setups  too. 

2.  RELATIVISTIC  BWO 

Cherenkov  Backward  Wave  Oscillators  are  a  self-sustained  devices  where  radiation  is  generated  under  the  conditions 
of  synchronism  between  the  electron  beam  and  the  -1st  space  harmonic  of  the  backward  wave  of  the  periodic  waveguide. 
BWO  problem  it  is  sufficient  to  make  account  of  the  interaction  with  the  -1st  space  harmonic  of  the  operating  wave  only, 
neglecting  the  influence  the  remaining  wave  fields.  The  increase  of  the  efficiency  of  the  device  in  doing  so  is  much  relied 
on  the  use  of  electrodynamic  systems  inhomogeneous  in  their  coupling  impedance*’^’'*  or  phase  velocity  of  the  -1st 
harmonic”. 

The  design  of  BWO  generally  provides  a  microwave  output  onto  a  collector  by  reflecting  the  backward  wave  from  the 
beyond-cutoff  neck  in  the  cathode  side  of  the  waveguide.  The  fimdamental  (0-th)  harmonic  of  the  traveling  wave  is  not 
synchronous  with  the  beam.  Its  phase  velocity,  however,  is  but  slightly  higher  than  that  of  the  light  (~l.lc),  while  its 
amplitude  may  exceed  manifold  the  amplitude  at  the  -1st  harmonic  of  the  backward  wave.  Therefore,  in  the  case  of 
relativistic  electron  energies  if  is  deemed  necessary  to  take  into  account  its  effect  on  the  beam  modulation  and  energy 
exchange  processes,  also  bearing  in  mind  a  potential  increase  in  BWO  efficiency. 


506  /  SPIE  Vol.  2259 


0-8194-1 581-2/94/$6.00 


2.1*  Numerical  simulation  of  BWO 

The  authors  have  constructed  the  numerical  technique  so  that  on  the  first  stage  by  means  of  a  stationary  model  were 
studied  the  processes  of  electron  beam  interaction  with  the  -Ist  backward  wave  harmonic  only.  The  results  were  then 
examined  by  more  complex  codes  with  subsequent  account  of  other  factors  influencing  the  energy  exchange:  (i)  the 
interaction  of  electron  with  the  fiindamental  harmonic  of  the  traveling  wave  and  (ii)  the  influence  of  the  forces  of  the 
intrinsic  space  charge  of  the  beam. 

The  processes  of  bunching  and  energy  exchange  in  a  BWO  are  determined  by  the  distribution  of  the  synchronous 
field  along  the  electrodynamic  system.  Efficiency  of  a  homogeneous  BWO  is  about  15%.  The  energy  exchange  can  be 
made  efficient  by  creating  conditions  which  would  simultaneously  be  favorable  for  electron  bunching  and  provide  for 
efficient  decelerating  of  the  majority  of  electrons  which  have  fallen  in  the  accelerating  phases.  This  can  be  done  by 
increasing  the  phase  velocity  of  the  synchronous  wave,  what  would  lengthen  the  time  during  which  the  initially 
accelerated  electrons  stay  in  the  decelerating  field  phases  and  hence  increase  the  interaction  space  length. 

As  it  follows  from  calculations,  the  existence  of  favorable  phasing  of  the  high  frequency  (HF)  current  throughout  a 
long  interaction  space  increases  the  efficiency  of  the  nonuniform  phase  velocity  BWO.  For  the  optimum  regimes,  the 
jump  in  phase  velocity  occurs  within  the  first  quarter  of  the  corrugated  electrodynamic  system  length  and  its  amplitude  is 
10-20%  of  the  initial  phase  velocity.  The  initial  difference  between  the  e-beam  velocity  and  wave  phase  velocity  turns  out 
to  be  about  a  factor  1.5-2  as  large  as  for  a  homogeneous  electrodynamic  system. 


In  calculations  studying  the  influence  of  the  traveling  wave  on  the  work  of  BWO  it  was  assumed  that  the  electrons 
penetrating  the  interaction  space  are  subject  to  the  influence  of  the  field  of  two  waves  and  interact  simultaneously  with 
both  the  -1st  harmonic  of  the  backward  and  the  fundamental  harmonic  of  the  traveling  waves.  The  character  of  this 
influence  depends  on  several  factors,  the  major  being  the  ratios  of  amplitudes  taking  part  in  the  interaction  of  harmonics 
(/)  and  their  phases  at  the  beginning  of  the  interaction  length.  The  change  of  the  energy  exchange  processes  in  terms  of 
the  amplitude  ratio  was  considered  under  the  assumption  of  the 
phase  coincidence.  The  amplitude  ratio  depends  on  the 
geometry  of  the  electrodynamic  system  and  on  the  radius  of  the 
tubular  beam.  In  the  experiments  the  value  of  f  is  normally  of 
order  of  2  to  6. 

Calculations  show  that  the  presence  of  the  traveling  wave 
results  in  a  stronger  modulation  of  the  beam  and  at  /  <  4  the 
high  current  phase  is  shifted  to  the  center  of  the  braking  region 
of  the  -1st  harmonic  of  the  backward  wave.  In  this  operation 
mode  beam,  under  the  influence  of  the  backward  wave,  loses  up 
to  20%  of  its  initial  kinetic  energy  (Fig.  1).  The  energy 
exchange  efficiency  in  a  homogeneous  oscillator  may  range 
from  10  to  30%.  For  /  >  5  the  electron  modu-lation  over 
velocity  become  so  strong  that  one  fails  to  provide  favorable 
provide  favorable  phasing  of  HF  current  in  the  backward  wave 
field.  The  efficiency  of  the  energy  exchange  with  the  backward 
wave  drops.  The  major  role  in  the  energy  exchange  is  played  by 
the  traveling  wave.  Notwithstanding  the  decreasing  efficiency 
of  interaction  with  the  backward  wave,  the  overall  efficiency  of 
the  device  remains  high.  In  the  calculations  performed,  the 
operation  with  the  maximum  efficiency  corresponded  to  the 
ratio  /  =  6-8,  when  the  theo-retical  efficiency  of  the 
homogeneous  oscillator  reached  37%  For/>  10  the  formation  0  ^  efficienUn 

of^compact  long-hfe  electron  bun-ches  m  deteriorated  and  the  i^^rmomcs  phase  shift  at  beginning  if  interaction 

efficiency  of  the  device  declines.  homogeneous  BWO.  /=  3. 
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Fig.  1.  Dependence  of  efficiency  and  dependences  of 
energy  exchange  value  with  backward  (eff(-l))  and 
traveling  (eff(0))  waves  on  amplitudes  ratio/ 
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Modulation  and  energy  exchange  processes  are  dependent  on  the  phase  ratio  harmonics  of  backward  and  forward 
propagating  waves.  The  major  reason  for  that  is  the  fact  that  the  shift  in  the  wave  phase  leads  to  the  shift  of  the  initial 
phase  of  HF  current  with  respect  to  the  backward  wave.  The  maximum  efficiency  of  the  energy  exchange  is  reached  at  a 
small  shift  of  the  initial  HF  current  phase  to  the  backwave  braking  region.  The  efficiency  decreases  with  the  increase  of 
the  shift,  reaching  its  minimum  value  in  the  case  of  opposite  phase  fields  (Fig.  2.).  Given  the  fixed  geometry  of 
corrugated  structure  and  parameters  of  the  beam  current,  the  change  in  the  phase  relationship  may  result  in  termination 
of  the  stationary  generation.  Thus,  the  theoretical  efficiency  of  homogeneous  BWO  in  the  presence  of  interaction  with 
the  traveling  wave  and  under  the  assumption  of  the  absence  of  space  charge  may  reach  45%. 

The  influence  of  the  intrinsic  space  charge  of  the  electron  flow  on  BWO  operation  can  be  taken  into  account  even  in 
simple  models  such  as  by  solving  the  Poison  equation  for  electrostatic  potential  and  calculating  the  relevant  electric  field. 
For  simplicity  the  corrugation  depth  is  taken  to  be  small,  as  also  the  thickness  of  the  walls  of  tubular  e-beam. 


As  the  calculations  have  shown,  the  relationship  of  the  modulation  and  energy  exchange  processes  in  BWO  described 
above  do  remain  when  the  space  charge  is  taken  into  account.  But  the  electric  field  of  the  latter  causes  the  e-bunches  to 
be  pushed  apart  and  scattered  out,  preventing  their  effective  grouping.  In  non-stationary  calculations  this  is  made 
manifest  in  the  growth  of  the  starter  current  of  BWO,  slow  down  of  the  oscillations  built-up  and  generally  in  the  shift  of 
their  oscillation  frequency.  In  homogeneous  BWO  the  space  charge  under  certain  conditions  favors  the  growth  of  the 
BWO  efficiency,  while  in  the  oscillators  with  high  potential  efficiency  account  of  this  charge  invariably  results  in  a  sharp 
(up  to  1.5-2  times  )  drop  of  the  efficiency.  Thus  we  may  conclude  that  in  BWO  based  on  direct-action  accelerators  the 
influence  of  the  space  charge  is  strong  and  cannot  be  considered  as  a  minor  correction. 

r,  cm 


Note  the  preliminary  results  obtained  by  means  of  a  2.5- 
dimensional  code  "KARAT-2”.  The  geometry  of  the  calcu-lation 
region  is  given  in  Fig  .3,  It  was  assumed  that  the  beam  is 
injected  through  a  foil  at  the  edge  of  the  beyond-cutoff  neck.  To 
avoid  the  reflection  of  the  waves  an  weakly-conduc-ting 
absorber  is  placed  near  right  side  of  the  device.  The  ma-gnetic 
field  strength  of  the  coil  reached  27  kOe  on  the  quasi- 
homogeneous  section.  Simulation  results  agree  satisfactory  with 
the  experiment.  The  generation  power  and  frequency  were  500 
MW  and  9.4  GHz,  respectively  (in  the  experiment  with  SINUS- 
6  accelerator  they  were  600  MW  and  9.6  GHz).  Note  that  in 
real-life  experiment  the  operation  of  nonuniform  BWO  is  very 
sensitive  to  physical  parameters  such  as  beam  current,  electron 
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Fig.  3.  Relativistic  BWO  particle  simulation.  System 
configuration. 


current,  electron  energy,  etc.,  while  in  numerical  experiment,  in  addition,  model  and  calculations  parameters  are 
significant.  Among  the  model  parameters  involved  in  the  said  calculations  note  the  length  of  the  beyond-cutoff  neck,  and 
the  length  of  the  absorber,  the  calculation  parameters  include  the  time  step,  which  being  too  long,  caus-es  spurious 
cyclotron  oscillations.  Inappropriate  selection  of  these  parameters  induces  self-modulation  and  decline  of  the  microwave 
power  .  It  should  also  be  mentioned,  that  numerical  simulations  of  the  homogeneous  BWO  showed  a  better  stability. 


2.2.  Experimental  investigation 

The  experiment  was  carried  out  on  the  "SINUS-6”  accelerator.  The  TMQj-type  wave  in  a  circular  waveguide  was 
chosen  as  a  working  wave.  The  BWO  electrodynamic  system  consisted  of  a  stack  of  stainless-steel  rings.  The  overall 
length  of  the  homogeneous  periodic  structure  was  161  mm,  and  the  corrugation  period  was  16.1  mm.  The  corrugation 
depth  was  2.2  mm,  which  for  the  cathode  diameter  of  18  mm  gives /  =  3.5. 

The  experiments  studied  the  dependence  of  the  microwave  power  on  the  coordinate  of  the  withdrawal  of  the 
relativistic  e-beam  from  interaction.  By  vaiying  the  length  of  the  magnetic  field  we  could  change  the;  location  of  the 
beam  transfer.  The  results  obtained  are  presented  in  Fig.  4.  It  is  clearly  seen  that  the  interaction  efficiency  has  a 
quasiperiodic  dependence  with  the  period  corresponding  to  numerical  calculation  and  connected  with  the  period  of 
electron  flight  within  the  phase  of  one  sign  of  the  fundamental  harmonic  of  traveling  wave.  The  power  variation  is  not  as 
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large  as  predicted  theoretically.  This  could  be  accounted  for  by 
the  scatter  of  the  beam  upon  lowering  magnetic  field  strength  at 
the  end  of  interaction  space.  Maximum  power  obtained  in  this 
series  of  the  experiments  constituted  300  MW  with  the  efficiency 
25%.  The  radiation  wavelength  was  3.25  cm. 

Other  experiments  were  aimed  at  optimizing  the  energy 
exchange  efficiency  over  the  shift  of  corrugated  structure  from 
the  beyond-cutoff  neck  for  various  e-beam  parameters.  With  a 
slot  of  33-36  mm  the  peak  power  reached  550  MW  with  the 
efficiency  of  25%  and  400  MW  with  efficiency  of  30%.  It  was 
observed  that  the  shift  of  corrugated  structure  of  fixed  geometry 
with  respect  to  the  beyond-cutoff  neck  resulted  in  a  periodic 
change  of  the  output  power  and  the  operation  mode  of  the 
oscillator  (transition  from  stationary  to  non-stationary  operation) 

(Fig.  5). 

In  experiments  with  inhomogeneous  BWO  the  phase  velocity 
increase  along  the  interaction  space  was  provided  for  by  varying 
the  corrugation  pitch,  the  corrugation  height  being  varied  so  that 
the  coupling  resistance  would  remain  constant.  In  the 
experiment,  the  phase  velocity  jump  was  10%  for  the  length  ratio 
of  the  initial  phase  velocity  section  to  the  jumped  phase  velocity 
1/3.  According  to  the  simulation  prediction,  these  parameters 
provide  for  an  about  55%  BWO  efficiency.  The  maximum  pulsed 
power  achieved  in  the  experiment  was  500  MW  for  a  pulse 
duration  12  ns.  With  a  cathode  voltage  of  400  kV  and  an  electron 
beam  current  of  2.8  kA,  the  efficiency  reached  45%. 

It  was  observed  that  on  decreasing  the  beam  current  by  mean 
mean  of  increasing  the  vacuum  diode  impedance  there  was  an  increase  of  the  efficiency  of  stationary  generation  as  well 
as  of  its  stability.  This  could  be  accounted  for  by  the  decrease  of  the  space  charge  of  the  beam. 

3.  OVERSIZED  SINGLE-MODE  CHERENKOV  OSCILLATORS 

Powerful  millimeter-wave  oscillators  should  generally  have  large,  as  compared  to  the  wavelength,  transverse 
dimensions.  Therefore,  realization  of  single-mode  regimes  with  a  high  electron  efficiency  necessitates  effective 
discrimination  of  parasitic  oscillations.  For  this  purpose  we  can  use  various  electrodynamic  and  electron  techniques. 
Electrodynamic  mode  selection  by  transverse  indices  can  be  effectively  provided  by  making  radiation  slots  in  the 
resonator  wall  and  introducing  selective  losses  into  the  resonator.  Thus  an  axisymmetric  resonator  with  two  longitudinal 
slots  is  essentially  a  two-mirror  resonator  where  modes  with  the  azimuthal  index  m  =  1  have  smallest  losses.  Modes 
with  some  transverse  indices  can  also  be  discriminated  using  cylindrical  or  conical  insertions  coaxial  to  the  resonator. 

The  radiation  output  of  powerful  generators  should  be  such  that  selective  properties  of  their  electrodynamic  systems 
not  be  deteriorated  and  too  large  (breakdown)  field  intensities  do  not  occur.  For  this  reason,  a  single-mode  waveguide  is 
generally  undesirable.  A  "natural"  diffraction  output  successfully  used  in  subrelativistic  gyrotrons,  for  example,  is  more 
favorable.  Methods  of  electron  selection  are  based  primarily  on  the  fact  that  not  all  modes  of  the  electrcxlynamic  system 
can  be  Cherenkov  synchronism  with  the  electron  beam.  For  modes  with  different  transverse  structures,  that  are  in 
synchronism  with  the  beam  simultaneously,  selection  is  based  on  different  dependences  of  the  coupling  coefficients  on 
the  electron  beam  radius.  An  effective  method  of  electron  mode  selection  in  Cherenkov  oscillators  was  proposed  and 

realized  in^^  ^or  a  focusing  magnetic  field  that  satisfied  the  condition  the  "basic"  Cherenkov  interaction  is 

accompanied  by  cyclotron  resonance  absorption  by  a  linear  beam  of  all  waves,  but  the  operating  one. 
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Fig.  4.  Dependence  of  microwave  power  on  the 
coordinate  of  the  withdrawal  of  e-beam  from 
interaction.  Z  is  a  distance  from  the  beyond- 
cutoff  neck  of  BWO 
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Fig.  5.  Microwave  pulse  envelope  waveforms: 
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cutoff  neck 

2.  11  mm  shift 

3.  36  mm  shift 


SPIE  VoL  2259/509 


3.1.  Relativistic  Orotron 


Unlike  classical  subrelativistic  orotrons,  high-current  relativistic  oscillators  have  resonators  similar  to  the  ones  used 
in  subrelativistic  gyrotrons.  Such  a  resonator)  is  formed  by  a  section  of  cylindrical  waveguide  with  a  cutoff  narrowing  at 
the  cathode  end  and  conical  broadening  for  the  radiation  output  at  the  collector  end.  The  inner  surface  of  the  cylindrical 
section  is  corrugated.  The  early  orotrons  of  the  kind  are  realized  at  centimeter  waves’^  and  at  longer  millimeter 
wavelengths  for  a  multimode  regime'^.  In  our  experiments  the  resonators  had  axisymmetric  corrugation  of  the  wall. 
With  this  corrugation,  the  E,  3 ,  mode  was  used  as  the  operating  one. 

High-power  oscillators  need  electrodynamic  systems  with  a  large  (oversized)  cross  section  and  operation  at  higher 
modes.  We  chose  E,  3  j  because  a  higher  waveguide  mode  E,  3  and  the  waves  close  to  it,  E3  2  and  Eg ,  ,  are  somewhat 
isolated  from  the  other  waves.  At  the  same  time,  their  transverse  structures  differ  significantly  and,  hence,  one  of  them 
can  be  discriminated  electrodynamically.  Thus  two  longitudinal  1/2-Mide  slots  in  the  resonator  wall  provide  the  Q-factors 
of  modes  with  the  azimuthal  indices  m  =  3  and  m  =  6  at  lasts  four  times  lower  than  Q-factor  of  the  E,  3 ,  mode  .The 
latter  weakly  depends  on  the  slots  and  is  defined,  mainly,  by  the  radiation  through  the  output  horn. 

The  experimental  study  was  accomplished  at  the  wavelengths  A,j  =  8.0  mm.  The  resonator  Q  factors  and  the  number 
of  corrugation  periods  in  these  orotrons  were  chosen  so  as  to  provide  the  maximum  possible  computed  efficiency  at  an 
acceptable  starting  current.  The  starting  currents  of  parasitic  modes,  when  synchronism  in  the  BWO  regime  was 
possible,  were  much  higher  than  the  computed  values  of  the  orotron  operating  currents:  /jibwo  ~ 

The  radiation  power  close  to  the  calculated  one  was  attained  at  currents  higher  than  4  kA  for  8-mm.  At  lower 
currents  are  level  of  generation  was  much  smaller.  This  may  be  explained  by  the  fact  that  oscillations  did  not  have  time 
enough  to  onset.  The  shape  of  the  microwave  pulses  with  lagging  fronts  is  indicative  of  that.  The  radiation  wavelengths 
of  the  orotrons  thus  obtained  were  in  good  agreement,  within  the  measurement  error,  with  the  values  determined  in  the 
"cold"  experiments.  The  field  distribution  and  the  polarization  of  radiation  also  corresponded  to  E,  3  ,  wave.  The 
maximum  radiation  power  was  120  MW  for  the  electron  energy  500  keV  and  current  6  kA  at  the  wavelengths  0.8+0. 1 
mm..  The  electron  efficiency  was  nearly  5  percent.  The  energy  of  single  microwave  pulse  with  the  duration  7-10  ns  at  a 
half-power  level  amounted  to  1.2  J.  In  good  agreement  with  the  calculations,  the  study  of  the  generation  versus  the 
magnetic  field  focusing  the  particles  for  the  8-mm  orotron  showed  clearly  defined  cyclotron  absorption  at  maximum 
solenoid  fields  Hg  =  27-30  kOe.  Besides  the  orotrons  .with  wide  selective  slots  in  resonators,  we  investigated 
experimentally  oscillators  with  very  narrow  slots  (about  1/16  wide)  that  provided  discrimination  only  of  H  modes.  In  this 
case,  when  electron  beam  parameters  were  highly  stable,  simultaneous  generation  of  three  modes,  E3  2 ,,  Eg  j ,,  and  Ej  3 ,, 
with  close  frequencies  was  obtained.  The  polarizations  and  the  ratios  of  the  amplitudes  of  these  modes  varied  randomly 
from  pulse  to  pulse.  Comparison  of  this  generation  and  stable  single-mode  generation  in  the  orotron  with  wide  slots 
proved  the  necessity  of  effective  mode  selection  in  orotrons  with  a  large  cross  section. 

3.2.  Two  stage  BWO-twistron  oscillators 

The  two  stage  BWO-twistron  oscillators  include  a  single-mode  driving  oscillator  (BWO)  with  a  small  cross-section 
which  was  excited  by  a  relatively  small  part  of  a  relativistic  electron  beam  and  a  powerful  output  device  with  a  large 
cross-section  where  the  signal  was  amplified  when  interacting  with  the  main  part  of  the  electron  beam  (a  twistron)  was 
investigated  at  high-current  accelerator  SINUS-6  to  obtain  greater  power  while  preserving  signal  coherence.  The 
twistron  consisted  of  a  modulating  section,  a  short  drift  section  and  a  short  TWT  section.  The  results  of  BWO-twistron 
investigations  are  given  in  Tab.  1. 


Type  of  device 

/,  mm 

Pout,.  MW 

T),  % 

T,  ns 

BWO 

10.4 

40 

10 

15 

BWO-twistron 

10.4 

600 

20 

12 
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The  wave  E^,  was  used  as  an  operating  wave  in  BWO.  The  power 
of  TWT  can  be  varied  by  changing  the  focusing  magnetic  field 
around  its  resonance  value  (35  kHe)  that  corresponds  to  cyclotron 
wave  absorption.  The  output  twistron  section  (TWT)  was  made  in  a 
form  of  a  section  of  an  oversize  corrugated  waveguide  with  circular 
cross-section  3X  in  diameter.  In  this  section  a  slowed  wave  Eq,  was 
also  taken  as  an  operating  one.  When  removing  a  driving  BWO  from 
the  generator  or  when  replacing  the  output  section  with  a  section 
with  smooth  walls,  the  radiation  power  became  negligibly  small. 

Radiation  frequency  of  the  generator  within  the  limit  of  the 
measurement  accuracy  corresponds  to  BWO  frequency.  Space 
corresponds  to  BWO  frequency.  Space  structure  emitted  from  the  generator  through  a  smoothly  expanding  cone  and  a 
vacuum  window  was  close  to  the  directivity  diagram  of  Eg,  wave. 

To  additionally  verify  the  measured  high  value  of  the  output  radiation  power,  an  experiment  on  the  air  breakdown  at 
atmospheric  pressure  was  carried  out  (Fig.  6.).  Here  the  radiation  was  focused  by  a  spherical  metallic  mirror  which  was 
coaxial  to  the  radiating  hom.  The  observed  frequency  breakdown  had  a  form  of  a  converging  cone  10  cm  in  length  at 
maximum  diameter  of  2.5  cm. 
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ABSTRACT 

The  multipactor  and  flashover  phenomena  of  alumina  rf  windows  used  in  a  high-power  klystron  have  been  investigated. 
Multipactoring  due  to  the  high  yield  of  secondary  electron  emission  takes  place  during  rf  operation.  A  spectrum  analysis  of 
luminescence  due  to  multipactoring  shows  that  multipactor  electron  bombardment  causes  an  F-center  of  alumina,  thus 
leading  to  surface  melting.  From  the  results  of  a  high-power  examination  of  rf  windows  with  several  kinds  of  alumina 
ceramics,  it  was  found  that  an  alumina  material  with  a  crystallized  grain-boundary  and  without  any  voids  between  the 
boundaries,  thus  having  a  low  loss-tangent  value,  is  not  liable  for  F-centers,  even  under  multipactoring.  Hashovers  in  a 
tree-like  pattern  of  alumina  luminescence  occasionally  take  place  on  a  TiN-coated  surface  where  multipactoring  is 
suppressed.  A  sapphire  window,  whose  surface  was  polished  and  having  pre-existing  F-centers,  shows  a  lower  flashover 
threshold.  The  annealing  effect  of  polished  window  surfaces  was  also  investigated. 

1.  INTRODUCTION 

Alumina  ceramic  has  been  widely  used  as  an  electrical  insulator  in  vacuum  devices,  such  as  switching  tubes  and 
microwave  tubes.  Since  it  has  high  stability  for  thermal  treatment  and  a  low  outgassing  rate  as  well  as  high  dielectric  and 
mechanical  strengths,  it  is  a  suitable  material  for  insulators  having  good  vacuum  performance.  However,  the  property  of  a 
ceramic  having  a  high  yield  of  secondary  electron  emission  often  induces  breakdown  phenomena  under  a  high  electric  field 
applied  to  the  devices.  Especially,  in  an  rf  field  once  electrons  impinge  upon  the  alumina  surface,  secondary  emitted 
electrons  are  accelerated  so  as  to  impinge  again  onto  the  surface  due  to  an  alternating  rf  field;  this  causes  a  multiplication  of 
the  secondary  electrons.  The  primary  electrons  are  most  likely  generated  at  the  triple  junction  of  the  window  periphery  due 
to  field  emission,  or  are  created  at  the  window  surface  due  to  ionization  of  adsorbed  molecules,  such  as  contamination  and 
water  molecules.  This  breakdown,  generally  known  as  multipactoring,  is  one  of  the  characteristic  phenomena  in  high- 
power  rf  windows.^ 

TiN  coatings  on  alumina  surfaces  can  effectively  suppress  multipactoring  when  the  thickness  is  optimized  so  as  to 
reduce  the  number  of  secondary  electrons  and  to  avoid  any  excessive  heating  due  to  ohmic  loss.^  However,  flashovers  in  a 
tree-like  pattern  of  alumina  luminescence  occasionally  take  place  on  the  coated  surface;  the  threshold  of  the  flashover 
depends  on  the  alumina  materials.^  In  order  to  investigate  the  fundamental  process  of  rf  window  breakdown  several 
experiments  have  been  carried  out  on  the  S-band  (2856  MHz)  pill-box  type  of  alumina  windows  used  for  pulsed  high-power 
klystrons  (3.5  |is,  30  MW).  In  this  paper,  multipactor  and  flashover  phenomena,  both  of  which  are  characteristic  of  rf 
breakdown  in  alumina  windows  are  reported. 


2.  MULTIPACTOR  PHENOMENA 
2.1.  Luminescence  caused  by  electron  bombardment 

An  rf  window  comprises  a  high-purity  alumina  ceramic  disk  (3.5  mm  thick,  92  mm  in  diameter)  and  a  pill-box  type 
housing.  The  window  structure  shown  in  Fig.l  was  designed  to  meet  the  requirement  of  impedance  matching.  An  alumina 
material  having  a  low-loss  tangent  is  chosen  so  as  to  avoid  excessive  heating. 

It  is  often  observed  that  breakdown  takes  place  with  rf  wave  reflection  and  a  pressure  rise  in  the  vacuum.  Such  a 
breakdown  usually  causes  coloring,  localized  surface  melting  and  puncturing  of  the  alumina  ceramic  disk.  As  a  pre¬ 
breakdown  phenomenon,  the  optical  emission  on  the  alumina  is  observed  during  rf  operation.  Especially,  when  it  is 
localized  like  spots  and  its  intensity  increases,  surface  melting,  and  additional  puncturing  are  formed.^  A  spectral  analysis 
of  the  optical  emission  was  carried  out  using  a  monochromator  attached  to  the  waveguide  viewport.  The  spectrum  shows  a 
structure  with  a  broad  band  centered  at  about  300  nm  and  a  line  at  694  nm.  Since  the  latter  can  be  identified  as  being  ruby 
color  attributed  to  Cr  impurities  in  the  alumina  and  the  former  F+-center  of  oxygen  vacancies  of  alumina,  it  is  indicated  that 
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Fig.l,  Schematic  of  pill-box  type  rf  window,  and  electric  force  lines  in  the  window  (on  the  plane  x=0)  at  each  1/8  cycle. 

the  optical  emission  is  not  due  to  ionized  or  excited  gas  molecules,  but  rather  luminescence  of  the  alumina  ceramic  due  to 
electron  bombardment.  In  fact,  the  cathodoluminescence  spectrum  obtained  for  a  disk  irradiated  by  an  electron  beam  (12  nA) 
using  a  scanning-electron  microscope  is  very  similar  to  that  observed  during  rf  operation.^  From  these  facts  it  is  concluded 
that  the  breakdown  phenomena  leading  to  surface  melting  is  induced  by  electron  bombardment  accompanied  by  luminescence 
of  alumina. 

Fig.2  shows  the  luminescence  from  the  window  surface,  where  TiN  (2  nm  thick  film)  and  MgO  (10  nm)  films  are  partly 
coated.  It  is  found  that  the  luminescence  intensity  depends  on  the  materials  of  the  outermost  surface.  However,  the  spectral 
structures  observed  during  rf  operation  are  identical  to  the  alumina  luminescence  in  every  case.  Therefore,  the  impinging 
electrons  pass  through  the  films  and  excite  the  alumina,  thus  causing  luminescence.  Since  these  electrons  are  considered  to 
come  from  those  first  emitted  from  the  outermost  surface,  and  are  then  accelerated  by  an  rf  field  so  to  impinge  again  onto 
the  surface,  multipactoring  possibly  takes  place  in  a  manner  of  multiplying  secondary  electrons  by  electron  impingement 
(Fig.3).  The  difference  in  the  luminescence  intensity  should  thus  be  due  to  the  number  of  secondary  emitted  electrons  from 
the  outermost  surface. 

2.2  Multipactor  due  to  secondary  electrons 

In  order  to  ascertain  multipactor  occurrence,  secondary  electron  emission  (SEE)  yields  were  measured  using  the  pulsed 
electron  beam  (100  pA  peak,  1  ms)  of  a  scanning-electron  microscope  as  primary  electrons  for  avoiding  any  charge  built- 
up.^  The  result  shows  that  the  TiN-coated  surface  has  the  lowest  yield  compared  to  any  others,  and  overlaid  MgO  on  TiN 
film  has  a  higher  yield  as  well  as  MgO  on  alumina  (Fig.4).  It  is  thus  concluded  that  the  higher  intensity  of  alumina 
luminescence  during  rf  operation  can  be  attributed  to  the  higher  SEE  yield  of  the  outermost  surface  and  that  the  electron 
bombardment  accompanies  the  multiplication  of  secondary  electrons.  A  TiN  film  has  also  been  ascertained  to  be  effective 
to  suppress  multipactoring  by  reducing  the  SEE  yield  when  coated  on  the  outermost  surface  of  the  alumina  window; 
absorbing  secondary  electrons  from  alumina. 

A  further  estimation  of  electron  behavior  in  the  multipactor  phenomenon  was  carried  out  through  a  trajectory  simulation 


Fig.2.  Luminescence  from  the  window  surface  where  TiN  and  MgO  films  are  coated.  An  operation  power  is  27  MW. 
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Fig.3.  Model  of  secondary  electron  emission  and  multipactor  of  Fig.2. 


of  electrons  in  the  window.^  A  calculation  of  the  rf  electric  field  in  the  pill-box  structure  was  made  using  the  3-dimensional 
MAFIA  code  (Fig.l);  the  trajectories  and  re-impinging  energies  of  secondary  emitted  electrons  in  these  fields  were  then 
simulated  using  a  Monte-Carlo  method.  Based  on  the  results,  the  incident  energy  distribution  weighted  by  the  re-impinging 
rate  was  elucidated  to  be  very  similar  to  pattern  of  the  colored  and  opaque  areas  which  are  observed  for  typically  failed 
windows.  This  indicates  that  multipactor  electron  bombardment  on  the  alumina  surface  causes  a  coloring  as  well  as 
luminescence.  Since  the  calculated  incident  energy  of  the  multipactoring  electrons  is  about  8  keV  at  its  maximum  (when  an 
rf  power  of  30  MW  is  being  transmitted),  the  electron  range  in  the  alumina  crystal  is  roughly  estimated  to  be  on  the  order  of 
micrometers.^  The  lack  of  transparency  of  the  alumina  disk  is  due  to  alumina  degeneration,  not  only  on  the  surface,  but 
also  in  the  bulk  adjacent  to  the  surface;  the  range  is  so  long  as  to  penetrate  the  MgO/TiN  films  of  Fig.2  and  exciting  the 
alumina  luminescence. 

It  is  interesting  to  directly  observe  the  secondary  electron  multiplication  during  multipactoring.  Fig.5  shows  the  time 
dependence  of  the  luminescence  intensity  when  an  X-band  (11.4  GHz)  rf  pulse  of  50  ns  is  transmitted  through  the  pill-box 
window  with  a  power  of  30  MW.  The  intensity  increases  for  a  few  tens  of  nanoseconds,  which  corresponds  to  a  few 
hundreds  cycles  of  the  rf  field.  Though  a  detailed  analysis  has  not  yet  been  performed  for  the  multipactor  rise  time,  this 
would  be  explained  in  the  terms  of  the  life  time  of  the  successively  emitted  electron;  some  coincidence  condition  exists 
between  the  emission  timing  and  the  accelerating  phase  of  the  rf  field. 


3.  SURFACE  BREAKDOWN 


3.1  F-centers  in  oxygen  vacancy  of  alumina 

The  influence  of  multipactor  bombardment  on  alumina  materials  has  been  characterized  by  cathodoluminescence 


Incident  Energy  (keV) 

Fig.4.  Secondary  electron  emission  (SEE)  yields 
measured  by  pulsed-beam  method. 


Fig.5.  Time  dependence  of  luminescence  intensity  (upper)  during 
rf  operation  with  a  pulsed  power  (bottoms)  of  30  MW. 
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WAVELENGTH  (nm)  WAVELENGTH  (nm) 

Fig.6.  Cathodoluminescence  spectra;  (a)unmelted  and  (b)melted  surfaces. 

measurements.  The  spectrum  observed  for  a  melted  surface  resulting  from  breakdown  is  shown  in  Fig.6.  Another  band  at 
410  nm  appears  in  addition  to  the  characteristic  structure  of  the  unmelted  surface.  This  band  is  attributed  to  F-centers  of 
oxygen  vacancies  with  two  trapped  electrons;^  F'*’--centers  have  one  trapped  electron.  It  is  considered  that  the  F-centers 
created  by  the  multipactoring  should  result  in  conductive  charges  of  free  ions  or  electrons,^  thus  inducing  an  increase  in  the 
loss  tangent  at  the  alumina  surface.  The  surface  temperature  would  then  rise  not  only  due  to  electron  bombardment,  but 
also  due  to  rf  dissipation,  which  should  cause  an  additional  increase  in  the  loss  tangent,  thus  melting  the  surface.  It  is 
expected  that  only  alumina  material  not  liable  to  F-centers  must  be  durable,  even  when  multipactoring  occurs.  In  order  to 
study  the  relation  between  the  material  properties  and  the  durabilities,  characterization  and  high-power  examinations  were 
carried  out  for  several  kinds  of  alumina  materials,^  and  a  sapphire^^  of  alumina  single-crystal  disk  having  an  optically  flat 
surface. 

Their  characterizations  were  made  by  measuring  the  terms  of  the  SEE  yield,  loss  tangent,  electric  resistivity  and 
cathodoluminescence  spectra,  as  listed  in  Table  1.^^  UHA-99,  which  is  pre-treated  with  highly  pressurized  forming  before 
sintering,  has  the  smallest  grains  (1--2  |im  in  diameter)  and  thinner  boundaries  comprising  sintering  additives.  The  higher 
value  of  its  specific  gravity  should  be  attributed  to  such  a  dense  structure;  the  high  electrical  resistivity  observed  is  probably 
due  to  smaller  amount  of  sintering  additives.  HA-997  is  specially  sintered  in  order  to  make  the  boundary  additives 
crystallized,  which  contributes  to  a  reduction  in  the  loss  tangent  to  be  as  small  (10"^  at  3  GHz)  as  that  of  sapphire.  To 
obtain  an  alumina  ceramic  with  a  high  purity  of  99.9%,  such  as  XKP-999,  a  sintering  process  without  using  additives  is 
carried  out.  In  this  process,  a  spray-dried  powder  must  be  manufactured,  which  usually  produces  a  small  amount  of  residual 
micro-porosities  in  the  ceramic  structure.  We  consider  that  the  relatively  high  value  of  the  loss  tangent  in  XKP-999  is  due 
to  the  microstructure  with  porosities.  As  for  a  sapphire  disk,  the  smallest  value  of  the  loss  tangent,  as  well  as  the  highest 


Table  1.  Characterizatuion  of  alumina  materials  for  rf  window  use. 


aluimna 

marerial 

purity 

(%) 

specific 

gravity 

e 

tan  5 
10-5 

resistivity  SEE 

10  ^5  (Q  cm)  @1  keV,  @  10  keV 

sintering 

additives 

CL  spectra 
(before  rf  op.) 

UHA-99 

99.0 

3.90 

9.81 

9.4 

>1000 

6.0,  2.0 

SiO,,  MgO,  CaO 

F+,  Cr3+ 

HA-997 

99.7 

3.93 

9.95 

4.2 

6.7 

5.2,  2.0 

Si02,  MgO 

F+.  Cr3+ 

XKP-999 

99.9 

3.91 

9.67 

13.3 

3.3 

6.7.  2.2 

— 

F+,  Cr3+ 

sapphire 

100 

3.98 

10.16 

2.3 

>1000 

10.1,  3.7 

— 

F^,  F(unannealed) 
F^(annealed) 
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Table  2.  High-power  test  results  of  alumina  materials  for  rf  window  use. 


aluimna 

marerial 

characteristics 

transmittable 
power  (MW) 

remarks 

CL  spectra  (after  rf  op.) 
TiN-coated  uncoated 

UHA-99 

dense  structure, 
high  resistivity 

>220 

colored  yellow 
(uncoated  surface) 

F+,  Cr3+ 

F+,  Cr3+,  F 

HA-997 

crystallized  additives, 
low  loss  tangent 

>220 

no  coloring 

F+,  Cr3+ 

F+,  Cr3+ 

XKP-999 

micro-porosities, 
higher  loss  tangent 

144 

melting, 

(uncoated  surface) 

F+,  Cr3+,  F 

F+,  Cr3+  F 

sapphire 

pre-existing  F-center, 
low  loss  tangent 

75  (unannealed) 

100  (annealed) 

melting 

(uncoated  surface) 

F'*',  F  (unannealed)  F+,  F 

F*"  (annealed)  F+,  F 

value  of  the  specific  gravity,  are  observed.  However,  in  the  cathodoluminescence  spectrum  of  sapphire,  it  was  found  that 
there  are  pre-existing  F-centers.  The  surface  residual  stress  in  microcracks  or  dislocations  which  have  been  mechanically 
introduced  by  polishing  seems  to  change  electronic  states  in  vacancies,  and  then  an  excess  electron  is  trapped  as  an  F-center. 
Indeed,  by  annealing  the  disk  at  1500  C  in  air,  which  probably  relaxes  such  stress,  these  pre-existing  F-centers  vanished. 

High-power  examinations  of  the  rf  windows  with  these  disks  were  performed  using  a  resonant  ring^.  A  TiN  film  was 
formed  on  three  quarters  of  the  area  of  each  disk  surface  in  order  to  distinguish  the  multipactor  effect  on  F-centers.  Though 
multipactoring  takes  place  on  an  uncoated  surface  of  every  disk,  the  maximum  powers  transmittable  through  the  windows 
are  different,  depending  on  the  materials  used,  as  summarized  in  Table  2.  UHA-99  and  HA-997  were  found  to  have  high 
durabilities  for  rf  operation  of  up  above  220  MW.  Moreover,  in  HA-997  no  F-centers  have  been  observed,  even  on  an 
uncoated  surface.  On  the  contrary,  XKP-999  and  sapphire,  though  having  a  higher  purity,  are  not  durable  under  high-power 
operation;  F-centers  have  been  found  even  on  the  TiN-coated  surface  of  XKP-999. 

Based  on  these  results  it  is  concluded  that  high-purity  dielectric  materials  having  a  microscopically  dense  structure 
(without  residual  porosities)  and  crystallized  sintering-additives,  and  consequently  having  low  loss  tangent  values,  are  not 
liable  to  F-centers.  This  indicates  that  F-centers  are  formed  not  only  by  direct  trapping  of  the  impinging  electrons,  but  also 
by  rf-loss  heating;  it  is  reported  that  the  F'^-center  in  alumina  is  converted  to  an  F-center  when  heated  in  a  vacuum. 

The  annealed  sapphire  window  shows  a  higher  value  of  the  transmittable  power  than  the  unannealed  one.  However, 
since  F-centers  are  formed  again  on  an  uncoated  surface  by  multipactoring,  the  impinging  electrons  are  considered  to  be 
excessively  trapped  in  oxygen  vacancies.  Annealing  in  air  is,  therefore,  not  sufficient  to  reduce  the  number  of  trapping 
centers,  though  it  is  effective  to  de-trap  F-center  electrons. 

3.2.  Surface  charging  and  flashover 

Not  only  surface  melting  induced  by  multipactor  (as  described  above),  but  also  flashovering  with  both  outgassing  and  rf 
wave  reflection  are  characteristic  of  breakdown  in  rf  windows.  Occasional  flashovers  were  observed  at  rf  powers  of  75  and 
220  MW  on  the  sapphire  (unannealed)  and  alumina  ceramic  disks,  respectively.^  These  flashovers  take  place  selectively  on 
the  TiN-coated  surface,  and  are  accompanied  by  tree-like  patterns  of  alumina  luminescence,  as  shown  in  Fig.7.  After  a  high- 
power  examination  the  flashover  tracks  of  surface  melting  with  tree-like  pattern  are  observed  (Fig,8).  In  situ  measurements 


Fig.8.  Discharge  tracks  on  the  sapphire. 


Fig.7.  Surface  discharge  on  sapphire  window. 
Three  quarters  of  the  area  is  coated  with  TiN. 
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of  surface  charging  before  and  after  flashovers  have  been  carried  out.^  Several  nC  of  positive  charges  are  observed  after 
flashover;  tens  to  hundreds  pC  of  negative  or  positive  charges  before  flashover.  From  these  observations,  we  can  conclude 
that  a  localized  accumulation  of  electrons  is  first  formed  and  then  released,  possibly  in  the  film-dielectric  interface  during  an 
avalanche,  which  causes  luminescence  and  melting  of  the  alumina.  It  thus  leaves  positive  charges  on  the  tracks. 

Though  the  charge-accumulation  mechanism  under  a  high  rf -field  has,  at  present,  not  been  clearly  explained,  it  is 
considered  that  any  mobile  charges  which  exist  in  conductive  films  or  in  F-centers  of  dielectrics  are  retrapped  in  deeper 
energy  levels  of  such  defects  as  dislocations  or  microcracks  introduced  by  polishing.^^  Charge  accumulation  should 
therefore  depend  on  the  defect  density  in  the  dielectrics  and  on  the  surface  residual  stress.^"^’  In  fact,  an  annealed  sapphire 
window  shows  a  higher  threshold  of  about  100  MW  than  unannealed  sapphire. 

4.  SUMMARY 

Breakdown  phenomena  in  alumina  rf  windows  for  high-power  use  have  been  investigated.  Multipactoring  due  to  a  high 
yield  of  secondary  electron  emission  takes  place  on  the  alumina  surface  accompanied  by  alumina  luminescence,  which 
causes  F-centers  of  oxygen  vacancy.  It  is  considered  that  the  F-centers  should  result  in  conductive  charges  of  free  ions  or 
electrons,  thus  inducing  an  increase  in  the  loss  tangent  at  the  alumina  surface  and  leading  to  surface  melting. 

The  durability  of  alumina  materials  under  rf  operation  does  not  always  depend  on  their  purities,  but  rather  on  their 
microstructures.  It  is  elucidated  that  alumina  materials  having  a  dense  structure  and  crystallized  sintering-additives,  and 
consequently  having  low  loss  tangent  values,  are  not  liable  to  F-centers.  This  indicates  that  F-centers  are  formed  not  only 
by  direct  trapping  of  the  impinging  electrons,  but  also  by  rf-loss  heating.  Although  an  in-air  annealing  treatment  for 
polished  materials  with  a  surface  having  a  residual  stress  is  effective  to  de-trap  electrons  from  F-centers,  it  is  not  so 
sufficient  to  reduce  the  number  of  trapping  centers. 

Occasional  flashovers  with  a  tree-like  pattern  of  luminescence  are  observed  for  a  TiN-coated  surface  where  multipactoring 
is  suppressed.  The  results  of  surface  charging  measurements  indicate  a  localized  accumulation  of  electrons  and  its  avalanche. 
The  charge-accumulation  mechanism  under  a  high  rf-field  is  considered  in  which  any  mobile  charges  in  conductive  films  or 
in  F-centers  of  alumina  are  retrapped  in  deeper  energy  levels  of  such  defects  as  dislocations  or  microcracks.  Charge 
accumulation  should  therefore  depend  on  the  defect  density  in  the  dielectrics. 
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ABSTRACT 

The  development  status  of  a  prebunched  FEM  is  described. 

We  are  developing  a  70KeV  FEM  to  allow  high  gain  wideband  operation  and  to  enable 
variation  of  the  degree  of  prebunching.  We  intend  to  investigate  its  operation  as  an 
amplifier  and  as  an  oscillator.  Effects  of  prebunching,  frequency  variation,  linear 
and  nonlinear  effects,  will  be  investigated. 

The  prebuncher  consists  of  a  Pierce  e-gun  followed  by  a  beam  modulating  section. 
The  prebunched  beam  is  accelerated  to  70KeV  and  injected  into  a  planar  wiggler 
containing  a  waveguide. 

The  results  obtained  to  date  will  be  presented.  These  include: 
characterization  of  the  e-gun,  e-beam  transport  to  and  through  the  wiggler,  use  of 
field  modifying  permanent  magnets  near  the  entrance  and  along  the  wiggler  to  obtain 
good  e-beam  transport  through  the  wiggler,  waveguide  selection  and  characterization. 

1.  INTRODUCTION 

The  theory  of  prebunched  beam  FEL  was  described  by  Schnitzer  and  Gover^. 

The  prebunched  FEM  under  development  at  TAU  uses  a  l.SAn^,  70KeV  e-beam  and  a  planar 
wiggler  with  a  period  X,^=4.4cm;  this  leads  to  an  operating  frequency  near 
4.8GHz. Fig.  la  is  a  schematic  of  the  FEM. 

The  prebuncher  has  an  e-gun  and  the  first  two  modulating  section  of  a  traveling 
wave  tube  (TWT) .  The  gun  end  is  continuously  pumped  by  a  11  1/sec  auxiliary  pun^.  The 
e-beam  from  a  shielded  Pierce-type  electron  gun  is  on-off  modulated  by  a  grid  located 
in  close  proximity  to  the  cathode.  The  gun  provides  a  l.SAmp  e-beam  at  10.5KV  with  a 
radius  of  less  than  1mm.  The  e-gun  is  described  in  sec.  2. 

The  helix  traveling  wave  prebuncher  operates  in  the  3.8  to  12GHz  range.  The  rf 
signal  is  absorbed  at  the  end  of  the  prebuncher  and  a  1.5mm  dia,  density-modulated  e- 
beam  exits.  The  e-beam  focussing  in  the  prebuncher  is  by  periodic  permanent  magnets 
(PPM) .  The  modulated  e-beam  is  accelerated  to  70KeV  and  focussed  by  solenoid  magnets 
to  the  wiggler  entrance  (sec.  3) 

The  TW  and  e-gun  portions  of  the  system  are  shielded  from  the  magnetic  field  of 
the  solenoids  and  can  be  closed  from  the  rest  of  the  system  by  a  vacuum  valve.  The 
transport  of  the  e-beam  into  and  through  the  planar  wiggler  requires  a  matching 
magnetic  field  section  near  the  entrance  to  the  wiggler  (sec.  4).  Lateral  (x)  beam 
focussing  in  the  wiggler  is  provided  by  use  of  long  permanent  magnets  at  the  sides  of 
the  wiggler.  At  the  exit  from  the  wiggler  there  is  another  set  of  magnetic  field 
matching  magnets.  The  wiggler  system  is  described  in  sec.  4. 

The  rf  guide  is  located  in  the  wiggler.  For  efficient  interaction  the  waveguide 
must  provide  a  strong  electric  field  in  the  x  direction  within  the  e-beam  area.  The 
microwave  system  is  discussed  in  sec.  5.  The  spent  beam  is  collected  at  a  depressed 
collector.  Beam  transport  experiments  are  described  in  sec.  6. 

2.  THE  E-GUN 

The  Pierce-type  gun  provides  a  laminar  space  charge  limited  l.SAmp  e-beam  with 
the  grid  pulsed  to  Vg  =  +150Volts  and  with  the  anode  at  Va  =  10.5KV.  It  is  cut  off 
for  Vg  =  -60Volts. 

To  test  possibilites  of  obtaining  lower  e-beam  currents  we  investigated  e-beam 
conditions  from  cutoff  to  full  space-charge-limited  flow^  by  varying  the  grid  voltage 
from  -60V  to  +160Volts. 

In  the  range  120  <  Vg  <  l60Volts  approximately  90%  of  the  cathode  current  passed 
the  helix  section,  with  9%  of  the  cathode  current  intercepted  by  the  grid  (as 
expected  based  on  grid  transparency) .  The  corresponding  cathode  current  range  is  lAnp 
<  Ic  <  1.7Amp.  For  Vg=0Volt  the  cathode  current  is  0.25Amp,  but  the  intercepted  helix 
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current  is  50%.  The  e-flow  is  highly  nonlaminar  with  large  transverse  velocities.  The 
useful  range  of  currents  from  the  gun  is,  therefore,  lAmp  to  1.7Amp. 

3.  BEAM  TRANSPORT  FROM  PREBUNCBER  TO  WIGGLER 

Numerical  calculations  were  carried  out  for  our  PEM  configuration  using  the 
"Envelope"^,  e-gun^  and  3D  codes®.  The  programs  include  space-charge  and  finite 
emittance  effects.  Regions  of  acceleration,  drift,  solenoid  magnetic  fields  and 
magnetic  shields  were  included.  The  beam  exits  from  the  TW  modulator  with  a  1.5mm 
dia;  the  beam  is  focussed  and  matched  to  the  wiggler  acceptance. 

The  calculated^  axial  magnetic  field  B  required  for  beam  focussing  and  the 
envelope  of  the  resulting  beam  vs  z  are  shown  in  Fig.  1.  Coils  were  positioned  and 
currents  adjusted  to  provide  this  field.  Beam  transport  experiments  carried  out  thus 
far  (sec.  6)  verified  the  magnetic  focussing  system  design. 

4.  MODIFICATION  TO  THE  HIGGLER  MAGNET  SYSTEM 

The  wiggler  is  shown  in  Fig.  2.  It  is  74.8cm  long  with  X.^=4.4cni.  The  magnet 

stacks,  a  distance  D  apart,  accomodate  the  interaction  guide.  For  a  first-order 
estimate  of  the  transport  of  an  axially  symmetrical  e-beam  through  the  wiggler  we 
used  a  "wiggler  field"  code  to  find  the  3D  wiggler  field®  and  calculated  trajectories 
of  single  electrons  moving  through  the  wiggler. 

4.1  Tapered  magnet  configuration  at  wiggler  input  and  output 

Electrons  entering  an  unmodified  wiggler  are  rapidly  deflected  and  do  not  pass 
the  guide  in  the  wiggler.  We  calculated  trajectories  for  several  tapered  magnet 
configurations  near  the  wiggler  input,  and  found  a  configuration  which  allows 
electrons  to  transport  through  the  wiggler  with  x-wiggles  of  the  order  of  2.5mm  and 
without  any  average  deflection.  The  magnet  configuration'  allowing  for  such  a 
transport  is  shown  in  Fig.  3.  PMl  and  PM2  are  half  the  size  and  strength  of  the  main 
wiggler  magnets.  The  position  of  these  magnets  can  be  adjusted  and  the  effective 
field  under  PM2  can  be  varied  by  a  coil  above  it  producing  an  a<Witional  magnetic 
field.  The  y  position  of  PM3  can  be  changed  by  use  of  shims.  Exper^ents  on  electron 
transport  in  the  wiggler  were  carried  out  using  these  3  input  matching  magnets  at  the 
wiggler  entrance  (sec.  7.1)  verifying  the  effectiveness  of  the  above  design. 


4.2  Lateral  focussing  magnets 

For  a  B(x)  increasing  with  x,  a  force  toward  x=0  keeps  the  beam  focussed  laterally. 

The  required  a  =  — —  to  keep  the  beam  circular  inside  the  wiggler  for  our  FEM  was 

found  to  be®  approximately  5  Gauss/cm  for  a  B„  of  300  Gauss.  In  a  scheme  proposed  by 
Prof.  Gover  at  TAU  this  gradient  is  obtained  by  use  of  two  long  permanent  magnets  as 
shown  in  Fig.  3.  For  such  a  configuration  the  reqired  distance  X^,  between  the  magnets 

becomes:  Xn  =  where  h  and  d  are  the  height  and  width  of  the  long  magnets,  B^ 


becomes:  Xq  =  - -\  where  h  and  d  are  the  height  and  width  of  the  long  magnets,  B^ 

L  Jca  J 

is  the  remanent  magnetic  field  of  the  long  magnet.  A  housing  was  made  which  permits 
adjustment  of  X^.  Calculated  trajectories  for  electrons  entering  the  wiggler  with  a 
large  angular  spread^  showed  good  transmission  through  a  1cm  dia  tube  in  the  wiggler. 


5.  The  microwave  interaction  waveguide 


A  microwave  interaction  waveguide  is  used  in  the  wiggler  (Fig.  2)  .  The  electron 
beam  passes  inside  of  the  guide;  it  enters  and  leaves  the  guide  through  nonradiating 
holes  in  the  waveguide  bends  (Fig.  1)  Several  guides  were  invest igated-'-^  with  the 
objective  of  attaining:  propagation  in  a  mode  suitable  for  FEM  interaction  in  the  4 
to  6GHz  frequency  range,  high  rf  electric  field  in  the  x-direction,  low  transmission 
losses,  small  D  dimension  required  for  attaining  a  large  magnetic  field  and  large 
gain,  large  d  dimension  (Fig.  4)  to  allow  e-beam  advance  along  the  guide  without 
interception. 
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Waveguides  of  crossection  shown  in  Fig.  4  were  compared  theoretically  and 
experimentally  .  The  maximum  scjuared  rf  field  value  in  the  e-beam  area  of 

guide  3)  is  5  times  larger  than  that  of  1)  and  50%  larger  than  that  of  2)  making  2) 
and  3)  favorite  choices.  The  predicted  gain  for  our  FEM  is  high  (about  2)  making  also 

1)  useful  as  a  waveguide  in  initial  experiments,  since  beam  transmission  through  1) 
is  easiest  (dj  =3d2  =  3d3 )  .  Guide  1)  also  has  the  lowest  loss  and  highest  power 
carrying  capability  of  the  guides  studied. 

6.  Electron  transport  experiments 

E-beam  tansport  experiments  to  date  include: 

6.1  Low  density  e-beam  transport 

The  e-gun  and  premodulator  shown  in  Fig.  1  were  replaced  by  a  TV  gun.  The  low 
density  e-beam  is  first  accelerated  to  70KV  and  subsequently  drifts  in  a  region 
focussed  by  coils.  The  e-beam  impinges  on  a  lOji  aluminum  foil  and  phosphor  screen, 
located  after  the  second  diagnostic  cube.  A  beam  diameter  of  about  1.5mm  was 
obtained.  An  extension  tube  was  mounted  beyond  the  second  diagnostic  cube  containing 
a  phosphorescent  screen.  The  phophor  screen  was  adjusted  to  be  160mm  inside  of  the 
wiggler  by  moving  the  wiggler  toward  the  TV  gun  over  that  extension  tube.  The  x- 
displacement  of  the  beam  spot  was  measured  as  the  wiggler  was  drawn  away  from  the  gun 
(phosphor  screen  moves  from  inside  of  the  wiggler  to  the  wiggler  entrance) . 

The  measured  results  showed  that: 

1)  The  beam  passed  160mm  into  the  wiggler  with  peak-to-peak  deviations  in  the  x 
direction  of  5mm  (theory  predicts  4mm  peak-to-peak  deviations  for  a  2mm  dia  beam) . 

2)  The  average  period  of  beam  wiggling  was  close  to  4.4cm  (the  wiggler  period). 

3)  The  e-beam  passed  the  wiggler  entrance  and  subsequent  tube,  indicating  that  the 
matching  magnets  at  the  wiggler  entrance  were  adequete. 

It  should  be  noted  that  prior  to  placement  of  the  matching  magnets  at  the  wiggler 
entrance  the  beam  was  deflected  and  could  not  even  enter  the  wiggler. 

6.2  Full  e-beam  current  transport 

Initial  experiments  were  carried  out  on  e-beam  transport  from  the  traveling  wave 
buncher  to  the  diagnostic  cube.  For  a  1.5Amp  cathode  current  approximately  l.lAmps 
were  transported  to  an  aluminum  foil  and  quartz  window  mounted  at  the  end  of  that 
cube^^.  The  magnetic  field  distribution  between  the  traveling  wave  buncher  and  the 
cube  is  as  described  in  Sec.  3.  Work  is  continuing  on  passing  the  full  e-beam  through 
the  wiggler. 
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EXPERIMENTS  WITH  AN  S-BAND  VIRCATOR 

by 
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AEA  Technology,  Culham  Laboratory,  Abingdon,  Oxfordshire  0X14  3DB 


ABSTRACT 

The  experiments  described  used  a  Vircator  operating  in  the  frequency  range  2.5  -  3.5  MHz  and  powered 
by  a  10  ohm,  100  ns  pulse  generator  operating  at  voltages  up  to  600  kV.  The  Vircator  had  a  tunable 
resonant  cavity  and  power  was  coupled  out  from  one  side.  A  series  of  experiments  were  carried  out  to 
elucidate  various  aspects  of  the  Vircator’s  behaviour.  The  first  experiment  conclusively  demonstrated 
reflexing  in  which  electrons  from  the  virtual  cathode  region  re-enter  the  anode/cathode  gap  and  affect 
the  diode  impedance.  The  second  experiment  demonstrated  the  effect  of  the  anode/cathode  gap  on  the 
behaviour  of  the  reflexing  electrons.  The  third  experiment  showed  that  the  power  output  depended  upon 
the  thickness  of  the  anode  foil,  and  more  surprisingly,  on  the  thickness  of  the  foil  forming  the  adjustable 
rear  wall  of  the  cavity. 


1.  INTRODUCTION 

The  experiments  to  be  described  used  the  Vircator  shown  in  Fig  1;  it  was  originally  supplied  by  Physics 
International  but  has  undergone  several  modifications.  The  results  presented  demonstrate  in  a  simple 
direct  fashion  the  effects  of  reflexing  electrons. 


Figure  1:  The  Vircator  assembly. 
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2.  EXPERIMENTAL  RESULTS 


It  appeared  that  electrons  from  the  virtual  cathode  regon  in  the  RF  cavity  might  be  re-entering  the 
diode  region  by  passing  through  the  anode  foil  (i.e.  reflexing).  The  first  indication  of  this  was  that  the 
diode  current  failed  to  increase  as  dT^  as  the  anode/cathode  gap  was  decreased;  a  series  of  measurements 
then  demonstrated  that  the  Child-Langmuir  law  for  space  charge  limited  flow  was  not  being  obeyed. 

If  reflexing  occurs  then  the  electrons  re-entering  the  diode  space  will  affect  the  space  charge  fields  and 
consequently  the  current  flow.  Reflexing  was  demonstrated  unambiguously  by  replacing  the  anode  foil 
with  a  1  mm  aluminium  plate  which  completely  absorbed  the  electrons  stiking  it.  Figure  2  compares  the 
current  pulses  obtained  when  the  foil  was  replaced  by  the  aluminium  plate  and  shows  that  the  current 
amplitude  is  increased  by  using  a  thick  anode. 


Figure  2:  Oscillograms  of  current  showing  the  effect  on  the  current  pulse  of  replacing  anode  foil  by  an 
aluminium  plate  to  absorb  the  electrons. 

The  presence  of  electrons  from  the  RF  cavity  in  the  diode  region  was  also  demonstrated  by  the  signal 
from  a  small  B-dot  which  monitored  the  RF  activity  in  the  diode  region.  The  B-dot  signal  was  split 
into  two  with  one  half  going  to  an  integrator  to  monitor  current  while  the  other  half  was  filtered  and 
rectified  to  give  the  amplitude  of  the  RF  fluctuations.  Signals  at  the  Vircator  frequency  were  detected 
that  corresponded  to  current  fluctuations  of  about  1%. 

The  second  experiment  showed  that  the  anode/cathode  gap  affected  the  behaviour  of  the  reflexing  elec¬ 
trons  and  had  a  strong  influence  on  the  power  output  and  frequency  of  the  Vircator.  The  cathode 
geometry  was  changed  and  the  cavity  enlarged  by  removing  the  sliding  short-circuit.  (See  Fig  3).  With 
this  new  cathode  the  bulk  of  the  electron  emission  comes  from  the  outer  of  the  cathode.  This  part  of 
the  cathode  is  connected  to  the  cathode  support  via  a  sliding  contact;  hence  the  distance  ^2  between  the 
centre  of  the  cathode  and  the  anode  can  be  varied  without  affecting  the  total  current  as  long  as  di  is  left 
unchanged  by  adjusting  the  length  of  the  cathode  stalk. 

Figure  4  shows  that  changing  the  gap  ^2  had  a  drastic  effect  on  the  operation  of  the  Vircator.  The 
oscillograms  shown  compare  power  outputs,  as  measured  by  a  directional  coupler  and  crystal  detector, 
and  hetrodyne  signals  for  the  two  cases  ^2  =  45  mm  and  ^2  =  0- 
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Figure  3:  Diagram  showing  the  Vircator  with  a  recessed  cathode. 


rci=  25mm 
rc2=40mm 
di  =  20mm 
d2=  45mm 
f  =  3.3  GHz 


Figure  4:  Oscillograms  showing  the  effect  of  the  recessed  cathode  on  Vircator  performance. 
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From  the  experiment  with  the  recessed  cathode  it  is  evident  that  the  anode/cathode  gap  affects  the  oper¬ 
ating  frequency  by  two  separate  mechanisms,  firstly  by  one  involving  reflexing  electrons  and  secondly  by 
the  normally  quoted  mechanism  depending  upon  current  density  and  plasma  frequency^ .  It  is  important 
to  note  that  the  recessed  cathode  shown  in  Fig  3  enables  both  mechanisms  to  be  optimised  independently. 

In  the  Vircator  assembly  shown  in  Fig  1  the  front  face  of  the  sliding  short  as  well  as  the  anode  is  made 
from  aluminium  foil  which  is  largely  transparent  to  high  energy  electrons.  In  the  third  experiment  the 
effect  of  foil  thickness  on  power  output  was  investigated.  The  reasoning  behind  the  experiment  was  based 
on  the  possibility  that  the  passage  of  high  energy  electrons  through  the  foil  would  produce  secondary 
electrons,  and  possibly  surface  plasma,  which  would  reduce  the  power  output  by  loading  the  cavity;  such 
an  effect  is  likely  to  depend  upon  foil  thickness. 

The  oscillograms  in  Fig  5  show  that  the  power  output  increases  as  the  foil  thickness  is  decreased;  the 
thickness  of  both  the  anode  foil  and  the  rear  foil  affects  the  power  output.  Although  the  pulses  shown 
in  Fig  5  are  of  irregular  shape  repeated  pulses  showed  that  the  mean  amplitude  was  essentially  constant 
from  one  pulse  to  the  next  and  that  the  increase  in  power  was  a  real  effect. 


Figure  5:  OscillogrEnns  showing  how  power  output  is  affected  by  the  thickness  of  foil  used  in  the  resonant 
cavity  of  the  Vircator. 
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ABSTRACT 

A  detailed  comparison  of  experimental  results  and  computer  simulation  have  been  made  for  a  number  of 
simple  axisymmetric  MILO  structures  designed  to  operate  at  1  GHz.  The  structures  were  built  from  a 
set  of  demountable  components  which  enabled  the  number  of  cavities  and  their  dimensions  to  be  rapidly 
altered.  Measurements  were  made  of  the  fluctuating  magnetic  fields  at  the  end  of  each  cavity  and  of 
the  applied  voltage  and  current  pulse.  The  amplitude  and  depth  of  RF  modulation  of  the  magnetic 
fields,  although  repeatable,  changed  drastically  from  one  configuration  to  the  next.  These  parameters 
were  compared  with  predictions  from  VIPER,  a  2-D  electromagnetic  PIC  code^’^.  Good  quantitative 
agreement  was  obtained  between  experiment  and  simulation  in  most  situations,  however,  late  in  the 
current  pulse,  after  about  100  ns  the  level  of  RF  began  to  decay;  a  phenomenon  which  became  more 
pronounced  as  the  applied  voltage  was  increased.  The  effect  was  attributed  to  plasma  formation  on 
the  cavity  vanes  and  subsequent  electron  emission;  this  explanation  was  verified  by  computer  modelling 
electron  emission  and  by  using  vanes  made  from  polished  stainless  steel  in  place  of  aluminium  vanes. 

1.  INTRODUCTION 

The  Magnetically  Insulated  Line  Oscillator  (MILO)  is  a  relatively  new  type  of  co-axial  crossed  field  device 
that  uses  the  self-magnetic  field  produced  by  current  flow  in  the  central  cathode  to  cut-off  electron  flow 
to  the  anode^.  This  paper  describes  the  detailed  comparison  between  computer  simulations  using  the 
VIPER  software^’^  and  a  series  of  MILO  experiments  specifically  designed  to  test  how  well  the  numerical 
modelling  matches  experiment, 

2.  THE  EXPERIMENTS  AND  COMPUTER  MODELLING 

The  azimuthally  symmetric  MILO  apparatus,  shown  in  Fig  1,  was  chosen  to  facilitate  direct  comparison 
of  experimental  measurement  and  results  from  the  two  dimensional  axisymmetric  PIC  code.  The  length 
of  the  long  entry  section  can  be  adjusted,  thus  enabling  the  diode  gap  to  be  varied  under  vacuum. 
The  apparatus  is  demountable,  and  by  changing  the  vane  width  and  cavity  size  six  different  slow  wave 
structures  were  used;  both  the  number  of  cavities  and  the  diode  gap  were  varied. 

The  voltage  and  current  measurements  are  standard  and  are  measured  at  the  entrance  to  the  MILO. 
However,  the  5-dot  measurements  need  some  explanation.  Each  cavity  contains  a  small  calibrated  loop 
which  measures  the  magnetic  field  at  the  top  of  the  cavity;  for  monochromatic  oscillations  this  field  takes 
the  form 

5  =  5o  +  5sinu;/  (1) 
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The  signal  from  the  loop  is  split  into  two  channels  and  processed  separately  to  give  two  signals  pro¬ 
portional  to  Bq  and  B  respectively  .  The  first  channel  goes  through  a  passive  integrator  and  measures 
the  current  flowing  through  the  MILO  at  the  position  of  the  cavity;  the  second  channel  goes  through  a 
lilsh'P^s  filter  and  is  then  rectified  to  give  a  signal  proportional  to  the  oscillating  magnetic  field. 


10  20  30  cm 


DRW11258 


Figure  1:  Diagram  showing  a  5  cavity  MILO  used  in  the  current  study, 

3.  RESULTS 

Six  different  periodic  slow  wave  structures  were  tested,  all  with  the  7r-mode  at  approximately  1  GHz. 
The  TT-mode  is  the  usual  oscillation  mode,  but  some  structures  had  a  poor  match  between  the  wave  phase 
velocity  (which  is  proportional  to  the  periodic  length)  and  the  electron  flow  velocity;  in  such  cases,  the 
MILO  was  reluctant  to  oscillate  at  1  GHz  and  was  sensitive  to  small  changes  in  the  diode  gap  and  to  the 
amplitude  and  shape  of  the  voltage  pulse  from  the  Pulser.  This  behaviour  is  not  typical;  normally  the 
MILO  is  a  robust  device  that  is  insensitive  to  small  changes  in  operating  conditions;  however  modelling 
reproduced  all  the  phenomena  displayed  by  the  experiments. 

Only  one  set  of  results  are  displayed  here  because  of  space  restrictions.  Figure  2  compares  experiment 
and  modelling  for  a  5-cavity  MILO  configuration.  The  curves  marked  ‘current’  are  derived  from  the  Bq 
signals  obtained  from  the  B-dot  loops  while  those  marked  ‘RF’  are  derived  from  the  B  signals;  for  ease 
of  understanding  both  signals  have  been  normalized  to  current. 

The  agreement  between  experiment  and  computer  simulation  was  good.  The  mean  measured  amplitudes 
of  both  Bq  and  B  were  compared  with  those  obtained  from  computer  simulation  for  all  of  the  experiments; 
the  mean  of  all  these  results  was  0.96  ±  0.05. 
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A  minor  difference  between  the  experimental  restilts  and  the  computer  simulation  is  that  in  the  experiment 
the  RF  signals  have  a  tendency  to  decay  slightly  while  the  opposite  occurs  in  the  simulation.  This 
difference  is  attributed  to  plasma  formation  on  the  resonator  vanes  and  subsequent  electron  emission. 
This  hypothesis  is  supported  by  Fig  3  which  shows  the  effect  of  changing  the  vane  material  for  aluminium 
alloy  to  polished  stainless  steel  for  the  configuration  used  in  Fig  2.  Note  that  with  stainless  steel  vanes 
the  gradual  decay  in  the  RF  signals  is  absent. 


Exporimont  ComputGr  Simulstion 


Figure  2:  Comparison  between  experiment  and  computational  simulation  for  a  5-cavity  MILO  using  4  cm 
cavities  and  1  cm  vanes.  The  simulation  was  driven  using  the  experimentally  measured  voltage  pulse. 

The  effect  shown  in  Fig  3  became  much  more  pronounced  at  higher  operating  voltages.  At  450  kV 
the  MILO  using  aluminium  alloy  vanes  showed  strongly  anomalous  behaviour;  the  RF  signals  quickly 
reached  a  maximum  and  then  rapidly  decayed  throughout  the  pulse  to  about  a  third  or  a  quarter  of  their 
maximum.  By  contrast  the  MILO  with  stainless  steel  vanes  showed  somewhat  larger  RF  signals  which 
exhibited  only  a  slight  droop  throughout  the  pulse. 

This  anomalous  behaviour  has  been  duplicated  in  computer  modelling  by  making  the  cavity  vanes  electron 
emitters;  this  results  in  the  RF  signals  decreasing  by  a  factor  of  about  three  which  is  close  to  that  observed 
experimentally. 
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Aluminium  Alloy  Vanes  Polished  Stainless  Steel  Vanes 
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Figure  3:  Comparison  between  two  sets  of  experimental  data,  showing  the  difference  in  operation  when 
polished  stainless  steel  vanes  are  used  instead  of  the  aluminium  alloy  vanes  normally  used. 
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ABSTRACT 

The  theory  of  electromagnetic  radiation  excitation  by  an  electron  flow  is  considered  for  a  flat 
magnetically  insulated  transmission  line  with  a  comb  anode.  The  dispersion  relation  describing  the 
excitation  of  electromagnetic  oscillations  by  the  Brillouin  flow  in  the  slow-wave  structure  is  derived. 
The  numerical  analysis  of  dispersion  equation  has  shown  that  in  the  presence  of  the  slow-wave 
structure,  an  essential  increase  in  increments  of  unstable  oscillations  takes  place.  The  conditions  for 
optimum  generation  of  microwave  power  are  found.  Efficiency  estimates  are  given  for  the  oscillators 
of  the  type  considered. 

1.  INTRODUCTION 

In  magnetically  insulated  transmission  fines  the  BriUouin  electron  flow  forms^.  The  electrons, 
emitted  from  cathode,  drifts  along  the  electrodes  in  crossed  self-consistent  electrical  and  magnetic 
fields.  Being  strongly  non-equilibrium,  such  a  flow  is  unstable^.  In  transmission  lines  with  slow 
waves  (coaxial  fines,  flat  fines  with  a  corrugated  anode, comb-shaped  structures)  the  synchronism  of 
the  Brillouin  flow  with  slow  waves  of  the  structure  is  possible.  The  instability,  arising  under  these 
conditions,  will  lead  to  the  excitation  of  intense  electromagnetic  oscillations.  The  systems  of  this 
type  can  be  used  as  powerful  microwave  amplifiers  and  oscillators.  In  the  Magnetically  Insulated 
Line  Oscillator  (MILO)  the  electron  flow  formation  and  the  generation  of  radiation  are  combined. 
For  the  given  geometry  of  the  transmission  fine,  the  only  external  parameter  which  defines  the 
characteristics  of  the  oscillator  is  the  voltage  applied. 

2.  INTERACTION  OF  THE  ELECTRON  FLOW  WITH  THE  SLOW- WAVE  LINE 

The  geometry  of  the  flat  slow-wave  fine  is  shown  in  fig.l.  The  anode  has  a  comb  structure. 
The  potential  difierence  applied  to  the  electrodes  is  sufficient  to  cause  the  explosion  emission.  As 
a  result,  the  BriUouin  flow  with  thickness  x*,  pressed  to  the  cathode,  forms  in  the  fine.  We  shall 
describe  the  comb  using  the  long- wave  approximation  kl  <C  1, where  k  is  the  longitudinal  wave 
number,  I  is  the  comb  period.  The  dispersion  equation  for  TM  waves  can  be  obtained  by  matching 
the  field  impedance  in  the  vacuum  gap  d  >  x  >  x»  to  the  impedances  of  the  comb  and  the  electron 
flow.  As  a  result,  we  shall  obtain 

=  (Cs  ~  ta-uh  pB)l{Cs  tanh  pB  -  1),  (1) 

where  B  =  D  -  D  =  dwc/c,  X*  = 

Q  =  (wlr)i«D(n>A),  C»=rT^n;/p(A:/2  +  A.i’.7f.).  (2) 

C,s,h  are  the  field  impedances  at  the  boundaries  of  the  comb  x  —  d  and  the  electron  flow  x  =  x*,  p  = 
(A^^  “  w  =  o.'/ct'e,  K  —  kcfcoc.  are  the  dimensionless  frequency  and  longitudinal  wavenumber, 

is  the  speed  of  fight,  u>c  —  eHc/mc  is  the  cyclotron  frequency,  He  is  the  magnetic  field  on  the 
cathode,  A  —  au)cfc,  F  =  —  1,  =  w  —  ATF,,  14  =  u»/c,  w*  is  the  velocity,  7*  is  the 

relativistic  factor  of  electrons  at  the  flow  boundary  x  =  x,.  A*  =  —  1,  A'  =  dA/dX  \x=x  > 

F  =  F(Y.),  Fi  =  dFJdX  X  =  xoic/c,  the  function  F{X )  is  the  solution  of  the  differential 
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equation 


^FjdX'^  +  (A'l^yjFfdX)  -  p^F  =  0»  (3) 

A  =  —1,71=  coshA^,  Q.  =  w  —  KV{X)i  V{X)  =  tanhX.  On  the  cathode,  the  longitudinal 

component  of  electric  field  goes  to  zero,  therefore,  F{0)  =  0. 


Now  we  shall  analyse  the  BriUouin  flow  instabilities  in  the  slow-wave  structure.  In  the  extreme 
case  of  K  from  the  dispersion  equation  (l)  we  shall  obtain  the  expression  for  phase  velocities 
of  waves 


_  sinh  X^coshX^  ±  [s(s  —  1)  +  91^(5  —  cosh^  XF)Y^^ 
sinh^  X*  -t-  s(l  -j-  u) 


(4) 


where  s  =  dfx^^  u  =  ajd.  If  we  exclude  the  electron  flow  by  introducing  extreme  transition 
-+  0,  then  from  Eq.(4)  we  shall  obtain  the  expressions  for  the  phase  velocities  of  forward  and 
backward  waves  of  the  ”cold”  structure.  The  BriUouin  flow  not  produce  new  branches  of  oscillations, 
but  it  "distorts  the  "cold"  branches.  The  LF-instability  arises  when  the  discriminant  is  negative 
D  —  s(s  —  1)  +  si/(s  —  cosh^  Jf,)  <  0.  The  flow  with  the  minimal  current  s  =  coBb^X,  is  stable.  In 
this  case  as  in  the  smooth  anode  line  the  phase  velocity  of  the  slow  wave  1^^  is  equal  to  zero.  Phase 

velocity  of  the  quick  wave  =  tanh2X*/(l  -f  v  co^  X^f  cosh2X»)  is  lower  than  that  in  the  fine 
with  smooth  electrodes. 
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Fig.l.  The  slow- wave  transmission  fine 


The  dispersion  equation  (1)  was  solved  numerically  for  the  minimal  current  and  different  slow- 
wave  structure  geometries  and  apphed  voltage  values.  The  frequency  (fig. 2a)  and  the  instability 
growth  rate  (fig.2b)  versus  wavenumber  were  obtained  for  slow-wave  structure  with  dja  =  4  and  the 
applied  voltage  U  —  0.6  MV,  For  smaU  A,  in  accordance  with  analytical  treatment,  the  BriUouin 
flow  is  stable  and  two  waves  propagate  m  it.  The  quick  wave  branch  breaks.  This  feature  is  also 
observed  for  the  line  with  smooth  walls^.  OsciUations  grow  in  the  frequency  range  tV  >  1.  The 
growth  rate  as  a  function  of  the  wavenumber  has  a  peak.  The  gain  in  the  growth  rate  is  due  to 
the  wave  being  in  resonance  with  the  slow-waves  structure.  Outside  of  the  resonance  region  A, 
the  instability  has  has  shows  the  same  behavior  as  in  the  fine  with  smooth  waUs.  Ast  the  voltage 
increases,  the  growth  rate  peak  shifts  to  the  low  frequency  region,  and  the  increment  value  at  the 
maximum  decreases,  for  high  voltages  V  >  2.4  MV,  the  resonance  instability  growth  rate  is  essen¬ 
tially  less  than  the  growth  rate  of  magnetron  instability^,  which  arises  in  the  fine  with  smooth  walls. 
Therefore,  in  this  case,  the  slow-wave  structure  will  influence  weakly  the  excitation  of  oscillations 
in  the  transmission  fine.  The  results  of  numerical  calculations  for  the  slow-wave  structure  with  the 
parameters  dja  —  2  and  an  applied  voltage  of  1  MV  are  represented  in  fig.3.  Here  the  wave  with 
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the  frequency  W  -  0.8  has  the  greatest  growth  rate.  And  this  wave  is  stable  in  the  transmission 
line  with  smooth  electrodes.  The  region  K  >  1,8  corresponds  to  the  magnetron  instability,  and 
1,8  >  A'  >  L3  —  to  the  reflonance  instability, 

The  maximum  dimensionless  (a)  and  dimensional  (b)  increments  vs  applied  voltage  for  d  =  2 
m  and  a  =  0,5  m  are  represented  in  fig.4.  Similar  functions  dependencies  for  d  =  2  m  and  a  =  1 
cm  are  shown  in  fig.5.  The  greatest  growth  rate  of  resonance  instability  is  depicted  by  a  solid  line. 
The  dotted  line  depicts  the  gratest  growth  rate  of  magnetron  instability.  As  the  applied  voltage 
increj^es,  the  dimensionless  growth  rates  decrease,  and  dimensional  growth  rate  behave  differently. 
The  resonance  instability  growth  rate  decreases  and  the  magnetron  one  increases.  For  relatively 
low  voltages  the  resonance  instability  is  dominating.  This  instability  takes  place  only  in  the  slow 
wave  structure.  For  high  voltages,  the  magnetron  instability  is  determining.  The  frequency  of  the 
wave,  excited  by  resonance  instability  practically  does  not  depend  on  voltage.  The  anode  efficiency 
of  the  oscillator  can  be  determined  as 

r]  =  Ki{-i  -  7*)/(7  -  1))  (5) 

Ki  is  the  ratio  of  the  flow  current  to  the  total  current  in  the  line,  7  =  \+e.U( m(?.  In  particular,  for 
U  =  0.5  MV  we  obtain  r/  =  17%.  Formula  (5)  must  be  considered  as  the  top  efficiency  estimation. 
In  reality  the  efficiency  value  will  be  always  lower. 

3.  CONCLUSION 

The  theoretical  analysis  has  shown  MILO  to  be  promising  as  a  superpower  microwave  oscillator. 
Under  the  fixed  geometry  of  the  line,  the  output  oscillator  parameters,  such  as  microwave  power 
and  efficiency,  depend  only  on  voltage  applied.  On  the  other  hand,  the  generated  frequency  is 
practically  voltage  independent,  and  this  will  ensure  frequency  stability  during  operation  with 
voltage  variations. 
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1.  ABSTRACT 

Secondary  Emission  Discharge  f  SED)  is  one  of  the  critical  factors,  which  limit  energy  possibilities  of  the  pow^erfiil  HF- 
electronic  devices  with  great  magtnetostatic  fields  (e.g.,  relativdstic  generator  and  amplifiers);  it  initiates  a  breakdown 
mechanisms.  The  most  dangerous,  nonlocaiised  variety  of  the  SED,  which  develops  with  the  liighest  speed,  is  the  one-sided 
resonance  discharge  [1,2].  It  is  formed  by  electrons  that  oscillate  near  one  of  the  Me  surfaces  and  are  driven  back  to  this 
siuface  by  tlie  magnetic  field  Hq  w^hith  is  directed  in  parallel  or  at  some  angle  to  tliis  discharge  surface.  Characterictics  of  such 
secondary  emission  resonance  discharge  (SERD)  have  not  been  studied  yet  in  the  cases  of  arbitrary  direction  of  the  field  Hg 
to  the  discharge  surface.  However,  near  the  walls  of  various  devices  (e.g.,  electrodynamic  stmctures  of  generators)  the  angle 
of  the  direction  of  the  field  Hg  wqth  respect  to  the  surface  can  change  in  a  wide  range.  The  basic  concepts  of  the  theory  of 
SERD  starting  regimes  are  studied  in  tliis  report. 


2.  BASIC  CONCEPTS 


All  avalanche  rise  of  tlie  SERD  can  take  place  in  several  conditions  [1,2].  Discharge  is  built  by  the  essential  nonrelativistic 
electrons  with  the  size  of  oscillation  a  --  (a-  wavelength,  p=v/c  -  ratio  of  the  electron  velocity  to  velocity  of  light)  much 

smaller  than  the  wavelength  and  the  curvature  radius  of  the  surface  in  the  typical  practice  situations  [1],  Therefore  the  surfece 
can  be  approximate  by  the  plane  and  one  can  describe  the  motion  in  the  coordinates  and  fields  as  it  is  shown  on  Fig.  1  (>  - 
along  nonnal,  a  -  is  the  angle  between  Hq  and  z-axis). 


I 

I  E.cosiJt 


Fig.  1.  Coordinates  and  fields  for  the  SERD  model 

It  is  comfortable  to  present  the  electric  field,  taking  into  account  the  possibility  of  the  e.xistence  of  the  static  component  ('from 
the  device  electrodes  and  different  charges,  e.g.,  electron  beams),  as 

E  = -xJE';  costor+ f,].  (I'l 

Tlien  tlie  motion  of  tlie  electrons  at  the  starting  stadium  of  tlie  SERD  can  be  described  in  tlie  terms  of  die  undimentional 
transit  angle  r=(.K>/-  0/5)  witli  the  marked  particles  initial  phase  (p  =  0/^  wtii  tlie  use  of  the  two  main  parameters  e  =Ef^  /E-y 
and  V  =  Q/  0  (the  ratio  of  the  free  oscillations  frequency  in  Hg-field  to  the  forced  oscillations  frequency)  with  fixed  inclination 
angle  and  the  oscillation  size  a=eE  fm  0^.  The  initial  velocities  could  be  neglected. 
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The  motion  can  be  presented  as  a  superposition  of  the  two  displacements  along  and  across  the  magnetic  field; 

<^-a  sina  /j’,  ^  =  a  cosa  v"Vi? 


where 


f:2) 


A  ~  -sinr); 

/j.  =  e(l-cosv7’)+— — I  cos(p(cos7’-cosvr)-sm(p[  sinJ -  j  , 

V  - 1  i  V  V  / 

so,  that  ,/|  and  are  comparable  in  the  region  of  high  magnetic  fields,  that  is  of  the  practical  interest.  The  coordinate 
projections  of  the  motions  can  be  counted  firom  the  following  expressions: 


X/ a  =  cos" av  ^  /^+  sin*^ a /,; 
i  /  a  =  cosa  sina  [/j  -  v"  ]; 
dy/  dT  =  v‘  cosa  df^  i  dT. 


There  can  be  resonance  groups  of  electrons  in  case  of  some  relations  between  u.  e  and  a  -fields  and  the  angles  of 

tire  field  Hq  direction,  if  ®  and  f  j  are  fixed).  These  groups  have  tlie  finish  flight  time  Tf ,  wliich  is  multiple  to  tire  forced 
oscillation  period.  During  the  following  cycles  these  motions  are  reproduced  by  the  increasing  groups,  if  the  secondary 
emission  coefficient  o  >1,  i.e.  in  the  known  interval  of  the  bombing  energ}^  [2].  Such  electrons  belong  to  the  resonance  phase 
(Dp  to  be  found.  Neighboiu  electrons  can  move  close  to  or  move  away  liom  tlie  resonance  electrons  in  the  time  of  motion 
cycle  (7f  =2  w  )  -  by  the  moments  of  the  interaction  witli  the  sur&ce  (y=0).  This  is  to  define  stability  of  the  resonance  phase. 
The  discharge  develops  when 


i,  dT 
l  +  (— •) 


<CT, 


(5) 


i.e.  when  resonance  phase  is  stable  or  imstable  in  such  limits,  in  which  the  electron  flight  away  is  compensated  with  excess  by 
their  reproduction  at  the  moments  of  interaction  with  surface. 


Estimations  and  coimtings  show,  that  the  discharge  with  the  multipacD-oton  periods,  equal  to  the  one  period  of  HF- 
oscillations  T=Q.n .  have  the  largest  starting  zones  by  the  magnetic  field  and  also  the  highest  velocities  of  tlie  build-up.  That  is 
why  we  limit  only  by  its  analysis. 


3.  SOME  RESULTS  AND  THEIR  ANALYSIS 

The  common  picture  of  the  motion  can  be  presented  without  direct  counting  of  tlie  resonance  and  close  to  them  motion 
x(T)  with  the  numerical  algorithms,  if  u,s  ,a  are  given.  The  situation  does  not  to  be  clear,  mainly  when,  as  (3,4),  the  v^^a  - 
parameter  has  the  value  near  to  1  (when  the  inclination  of  great  field  Hf,  is  small,  or  when  tlie  slope  of  moderate  H,,  is 
moderate').  When  tg’a  »  1,  the  motion  is  similar  to  the  one  in  the  parallel  fields  E !  !h,  in  the  opposite  case  (when 
u‘  tg’a«  1)  the  motion  is  as  in  crossed  fields  EIH  [1,2].  We  should  like  to  demonstrate  some  common  regularit>",  including 
the  ability  of  step-by-step  "penetration"  of  the  discharge  with  the  rising  of  the  inclination  angle  a  of  Hp-field  into  the  area  of 
large  u  (it  has  a  great  importance  in  the  work  of  powerfiil  relativistic  HF-devices).  We  will  present  the  analyze  of  the 
possibility  of  the  idealizing  the  motion  by  the  single-dimension  motion  along  the  H(j-direction  with  the  suitable  characteristics. 
It  is  obviously,  tliat  witli  tlie  increase  of  Ho  such  idealization  becomes  tiue  witli  angles  a  becoming  smaller  and  smaller.  But, 
we  must  note,  that  the  single-dimension  idealization  can  distort  tlie  accuracy  of  the  image  of  the  angle  of  bombing  of  tlie 
surtace:  when  a  =0  the  bombing,  as  (  2-4),  takes  place  in  normal  direction,  but  when  a  ^  0,  =>co  the  bombing  takes  place 
by  angle  a.  In  tlie  real  situations  tlie  appearance  ofy,z-component  of  bombing  velocity  can  enlarge  tlie  range  of  HF-fields  , 
in  which  tlie  effective  reproduction  of  tlie  electrons  by  tlieii*  interaction  with  tlie  surface,  can  take  place. 
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For  tlie  lower  possible  boundary  of  the  discharge  zone  e„,i„(u)  as  a  result  of  tire  necessarv  condition  on  tlie  initial 
acceleration  (s+coscp  >  0)  from  (3,4)  it  follows 


Also,  from  (6)  one  can  see  the 
Fig.2. 
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Fig.2.  Position  of  the  SERD  zones.  Solid  lines  -  dashed  lines  - 

^max  )  boundary^  of  the  resonance  phase  stabiiit>^,  which  has  been  marked  above  The  area  of  the  admissible 
acceleration  fields  decreases  graduaUy  ai>d  then  eliminates  with  tlie  rising  of  tlie  inclination  angle  a.  Witli  tlie  rising  of  u,  tlie 
boundary  quickly  becomes  closer  to  the  value  -0,303,  which  is  characteristic  of  tlie  discharge  in  E  j  j  H-fields  With  a 

rising,  the  discharge  "comes  tlirough"  the  cyclotron  resonance  to  the  ar  ea  of  o  >1,  with  values  of  electrostatic  field  getting 
smaller  and  smaller  (smaller  s).  The  direct  analysis  of  the  cyclotron  resonance  motion  (u=l) 
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make  it  possible  to  find 
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It  is  seeiL  ttiat  iii  this  concrete,  but  vei\'  important  to  tire  hyro-resonance  systems,  case,  tlie  discharge  zone  moves  along  e 
extremely:  startmg  from  the  large  electrostatic  fields  s>l  (when  a=0)  up  to  the  essentially  braking  fields  e  <0  (when  a=>  nil). 
In  the  absence  of  the  electrostatic  fields,  discharge  can  develop  neartlie  surface  parts,  where  asa  35  degrees. 

When  V  is  large,  the  discharge  characteristics  should  not  much  changed,  therefore  the  most  simple  counting  for  the  whole 
value  u  can  be  of  interest.  In  this  case,  die  resonance  conditions  are  independent  of  the  inclination  angle  a  and  equal  to  the 
case  E I  i  H-fields:  sin  cp^  =  en ,  besides  the  boundaries  =  -cos  (p^.,  =  -0,5co.s(p^  Dependencies aie  about  to 

be  stable  whatever  s  in  the  SERD-zone,  therefore  they  are  shown  on  the  Fig.3  for  the  case  of 


Fig.  3.  The  resonance  motion  components  for  the  whole  values  v. 

It  can  be  seen,  tliat/j^(T)  -part  of  tlie  motion  consists  of  the  considerable  one-period  forced  oscillation  and  tlie  "fast"  firee 
oscillations  (in  the  H„-field),  diminishing  with  the  u  rising.  It  can  be  seen,  by  comparing  this  curves,  taking  (4)  into  account, 
that  condition  vtga  ~  1  separates  the  situations,  where  the  resonance  electron  groups  can  e.xist  or  can  not:  tliere  is  x(T)>0 
everywhere  in  the  motion  cycle  or  tliere  is  not.  Tliat  is  why  the  condition  (6)  is  sufficient,  but  not  necessary,  and  the  precision 
boundaries  of  tlie  zones  e(  v  )  in  tlie  region  u  >1  must  be  found  from  some  special  calculations. 

So,  the  magnetic  fields  inclination  to  the  surface  helps  the  SERD  penetration  into  the  large  HQ-fields  area  and  even  watli 
small  inclinations  of  the  surface  to  the  "insulating"  Ho-field  in  real  devices,  e.g.,  with  corrugated  waveguides,  when  u  is  often 
near  5-10,  are  created  a  suitable  conditions  for  the  build-up  of  the  one-sided  SERD,  which  can  be  counted  in  single-dimension 
approximation  in  the  cases  of  u’  tg^  ot  »  1.  In  the  more  complicated  situations  (v^  tg^  a  ~  1)  the  analyses  vcdtli  concrete 
counting  are  necessary. 

In  conclusion  we  must  be  note,  tliat  the  SERD  can  have  the  starting  elechic  fields  about  tens  of  kV/cm  and  more  [1],  the 
build-up  times  about  tens  of  nanoseconds  and  the  powers,  confiscated  of  HF-fields  and  given  by  the  electron  bombing  to  the 
metal  wall  (discharge  surtace),  about  tens  and  hundreds  kW/cm^. 
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ABSTRACT 


The  specialized  high-voltage  installation  for  the  investigation  of  cyclotron  autoresonance  masers  (CARMs)  as 
possible  prototypes  of  HF  source  for  fusion  has  been  put  in  operation.  The  main  parameters  of  the  system  are  as  follows:  the 
maximal  voltage  300  kV,  the  electron-beam  current  up  to  300  A,  the  pulse  duration  10  ps,  the  pulse-repetition  fi'equency  up 
to  2  Hz.  Experimenrs  with  the  electron-optic  system  on  the  basis  of  the  magnetron-injector  gun  (MIG)  being  traditional  for 
subrelativistic  gyrotrons,  are  carried  out.  As  an  initial  stage  of  the  experiments,  the  relativistic  gyrotron  with  the  wavelength 

4.4  mm  and  the  operating  mode  TE^  j  is  studied. 


1.  MOTIVATION 


For  cyclotron  resonance  masers  (CRMs)  the  transition  from  subrelativistic  electron  energies  to  relativistic  ones 
permits  us,  in  principle,  to  enlarge  not  only  radiation  power  but  radiation  frequency  as  well.  Besides,  it  opens  the  ways  to 
broadband  frequency  tuning.  One  has  to  pay  attention  that  in  the  case  of  the  fixed  magnetic  field  strength  the  radiation 
frequency  of  gyrotrons  decreases  with  the  electron  energy  increase  because  of  the  relativistic  dependence  of  the  electron 

cyclotron  jfrequency  on  the  energy.  Another  type  of  CRM  -  cyclotron  autoresonance  maser  (see,  for  example,  the  review^) 
where,  like  in  the  fi-ee-electron  laser  (FEL),  the  Doppler  up-conversion  of  the  radiation  frequency  is  used  -  is  known  to  avoid 
this  disadvantage.  According  to  the  theory,  CARM  represents  a  rather  perspevtive  device  at  the  range  of  mm  and  sbmm 
wavelengths,  where  it  needs  significantly  smaller  magnetic  fields,  than  in  gyrotron,  and  significantly  smaller  electron 
energies,  than  in  free-electron  lasers.  However,  an  Achilles  heel  of  CARM,  like  FELs,  is  the  electron-beam  quality.  Up  to 

now  in  CARMs,  with  only  exception  ,  electron-optic  systems,  based  on  explosive-emission  cathodes,  have  been  used.  As  a 
rule,  such  systems  form  electron  beams  with  a  rather  large  spread  in  parameters.  Correspondingly,  CARM  efficiency  was 
several  times  smaller  than  it  had  been  calculated  for  ideal  electron  beams,  and  not  larger  than  10  %.  So,  at  lAP  RAS 
simultaneously  with  attempts  of  creation  of  explosive-emission  electron-optic  systems  with  a  small  spread  in  particle 
parameters,  the  work  for  creation  of  CARM  on  the  basis  of  conventional  thermoemitters  is  being  carried  out.  The  goal  of  this 
work  is  design  of  high-efficiency  short-mm-wavelength  CARM  with  relatively  long  pulse  duration,  that  could  be  a 
competitionable  prototype  of  HF  source,  needed  for  tokamaks  of  the  next  generation. 

2.  INSTALLATION 


The  installation  consists  of  the  pulse-modulator  power  supply,  the  accelerating  section,  the  source  of  strong 
magnetic  field,  electron-optic  and  microwave  systems  (Figs,  land  2).  The  pulse  modulator  represents  the  drive  generator  (1) 
and  the  pulse  line  (2),  connected  with  the  load  by  a  transformer.  The  accelerating  tube  (4)  is  formed  by  ceramic  insulator 
rings.  The  voltage  distribution  is  provided  by  resistors.  In  order  to  operate  at  repetitive  regime,  the  ciyomagnet  (5)  is  used  to 
provide  a  strong  magnetic  field  with  the  strength  up  to  70  kOe.  The  diameter  of  the  cryomagnet  hot  bore  is  150  mm,  the 
length  of  homogeneous  magnetic  field  is  about  20  mm  (for  CARM  experiments  another  cryomagnet  with  the  length  of 
homogeneous  field  400  mm  has  been  designed,  manufactured  and  tested). 
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Fig.l.  The  high-voltage  installation. 


3.  RELATIVISTIC  GYRQTRON  WITH  WAVELENGTH  4.4  MM 
rrEST  EXPERIMENT) 

As  an  initial  step,  a  simple  HF  source,  namely,  relativistic  gyrotron  with  the  electron  energy  200  keV  is 
realized.  The  tubular  electron  beam  is  formed  by  the  MIG  (6).  The  gun  anode  is  isolated  from  the  cavity,  its  voltage  is  aplied 
through  the  resistive  divider,  placed  on  the  accelerating  tube.  At  the  anode  voltage  85  kV  and  the  ratio  of  magnetic  fields  in 
the  cavity  and  close  to  the  emitter  60,  the  calculated  pitch  angle  of  particles  in  the  interaction  space  is  close  to  45°.  The 
beam  radius  in  the  cavity  corresponds  to  the  first  maximum  of  the  connection  impedance  for  the  operating  mode.  After  the 
cavity  electrons  move  to  the  copper  cylindrical  collector  with  the  diameter  70  mm. 


SPIEVoL  22591539 


Fig.2.  The  scheme  of  the  high-voltage  installation. 


The  microwave  system  of  the  relativistic  gyrotron  has  been  chosen  in  the  form  being  traditional  for 
subrelativistic  gyrotrons:  the  axisymmetric  cavity  with  a  diffraction  radiation  output  (7).  The  operating  mode  is  transverse- 

electric  TE^  2^  The  radiation  energy  is  withdrawn  by  this  mode  through  the  half- wavelength  quartz  window. 

The  HF  radiation  is  observed  by  means  of  hot  electron  detector  (8),  the  output  radiation  power  is  measured 
calorimetrically  (9).  In  the  experiment  at  the  electron  energy  200  keV,  the  radiation  power  more  than  2MW  with  the  pulse 
duration  10  ps  (Fig.3)  and  the  efficiency  more  than  25%  is  obtained.  The  typical  repetition  rate  is  equal  to  1  Hz.  The 
magnetic  field  tuning  band  of  generation  is  about  5%,  that  coincides  with  calculations. 
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Fig.  3.  Pulses  of  voltage  at  the  accelerating  tube 
and  of  the  detected  HF  signal. 
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ABSTRACT 

The  relativistic  electron  beam  (REB)  —  electromagnetic  field  interaction  near  the  high-frequency  boundary  of 
the  TMoi-mode  transmission  band  in  overmoded  uniform  and  sectioned  structures  with  different  slowing-down  value 
has  been  studied  experimentally  and  theoretically  by  means  of  the  linear  theory.  The  detailed  comparison  of  tae 
numerical  simulation  and  the  experimental  data  has  been  carried  out  for  the  three  regimes:  TWT-,  TWT-BWO-, 
BWO-ones. 


1.  INTRODUCTION 


In  multiwave  Cerenkov  generators  (MWCGs)b^  with  D/A  ^  1  (D  is  the  structure  diameter,,  A  is  the  radiation 
wavelength),  the  beam  interaction  with  the  TMoi-mode  field  near  the  7r-mode  oscillations  is  used  to  select  frequency. 
More  detailed  experimental  investigation  of  the  beam  —  field  interaction  in  a  wide  range  of  electron  energies  at 
a  successive  regime  transition  from  BWO-  to  TWT-BWO-  (7r-mode  oscillations)  and  TWT- types  seemed  to  be 
necessary  for  a  better  understanding  of  the  processes  in  MWCG,  choosing  the  ways  for  increasing  the  generation 
efficiency  and  the  stability  of  the  radiation  parameters.  It  was  necessary  to  carry  out  investigations  of  this  kind  for 
single-  and  multisectional  (with  equal  periods)  structures  with  different  slowing-down  of  the  TMoi-mode  wave  for  a 
comparative  analysis  of  the  processes. 

Hierarchy  of  physical  and  mathematical  models  —  linear,  nonlinear,  nonstationary  ones  and  so  on  —  is  necessary 
for  theoretical  studies.  In  the  given  work,  the  linear  stationary  theory^  allowing  one  to  calculate  the  starting  current, 
the  radiation  spectrum,  and  the  transverse  and  longitudinal  field  structures  was  used  for  numerical  simulation  of 
experimentally  studied  Cerenkov  microwave  devices. 

2.  EXPERIMENTAL  SETUP  AND  MEASURING  TECHNIQUE 

Experiments  were  carried  out  on  the  ”Sinus-7M”  accelerator.  Hollow  electron  beams  with  diameter  Db  =  10 
to  11.6  cm,  thickness  of  2  to  3  mm  and  current  /b  =  1.5  to  13  kA  were  formed  in  a  coaxial  diode  with  magnetic 
insulation  at  the  diode  voltage  Ud  =  300  to  1100  kV  and  pulse  duration  Tp  =  40  ns.  The  magnetic  field  in  the  beam 
transport  region  varied  from  5  to  15  kG,  To  indicate  microwave  radiation  and  measure  its  characteristics,  germanium 
and  lamp  detectors  were  used.  The  radiation  spectrum  was  measured  by  band  filters  with  the  bandwidth  0.5%. 
The  radiation  power  was  determined  by  the  directivity  diagrams  in  two  {0—  and  )  polarizations  measured  in  the 
atmosphere.  Radiation  losses  in  the  antenna  were  not  monitored. 

Slow-wave  structures  using  periodic  waveguides  of  two  dimension  types  were  investigated.  The  first  and  second 
waveguide  diameters  were  D  =  13  and  13.1  cm  and  their  periods  were  /  =  1.4  and  1.3  cm,  respectively.  Periodic 
waveguide  geometric  parameters  were  chosen  from  the  condition  that  the  7r-mode  oscillation  wavelength  was  equal 
to  that  of  the  TMoi-mode  (A,r  =  3.25  and  3.22  cm  for  the  first  and  second  waveguides,  respectively).  The  wave 
slowing-down  factor  V^h/c  (Uph  is  the  wave  phase  velocity,  c  is  the  velocity  of  light)  near  the  7r-mode  oscillation^;  of 
the  TMoi-mode  was  equal  to  0.864  and  0,808,  respectively.  The  construction  allowed  smooth  coritroling  the  section 
lengths  L  and  drift  tube  length  L^r  between  them. 

3.  EXPERIMENTAL  RESULTS 


Experimental  investigation  of  slow-wave  structures  with  /  =  1.4  and  1.3  crn  was  carried  out  at  Ud  =  600  to  1100 
kV  and  300  to  900  kV,  respectively.  The  region  where  the  dispersion  characteristic  of  the  TMoi-mode  intersects  tne 
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space  charge  slow  wave  (SCSW)  line  occupies  the  BWO-  (”“-l”-space  harmonic)  and  TWT-  (  0  -space  harmonic) 
branches  with  tuning  out  from  on  both  branches  by  1%  and  1—3%  for  the  structures  with  /  =  1.4  and  1.3  cm, 
respectively.  Preliminary  investigation  results  for  the  structures  with  /  =  1.4  cm  are  given  in  Ref.  4.  We  shall 
consider  the  experimental  results  for  one-  and  then  two-  and  more  sectioned  slow-wave  structures.  The  generator 
starting  length  is  Lst  =  (13  -  14)/  and  it  depends  on  the  beam  parameters.  The  directivity  diagrams  show  that  the 
radiation  with  9-  and  ^-polarizations  is  present.  The  radiation  diagram  with  0-polarization  is  close  in  form  to  the 
TMoi-xxiode  diagram.  Usually,  the  power  ratio  for  the  two  polarizations  is  Pip  =  (0.3  to  0.5)P$.  The  radiation  spectra 
for  the  two  polarizations  coincide.  The  subsequent  discussion  of  experimental  and  theoretical  results  is  related  to 
the  radiation  with  0-polarization  only,  if  not  mentioned  specially. 

In  the  radiation  spectrum,  one  to  three  maxima  are  observed.  Next  to  the  main  narrowband  (<1%)  spectrum, 
additional  lateral  maxima  (satellites)  are  indicated.  The  spectrum  form  depends  on  the  structure  length.  The 
wavelength  of  the  main  maximum  in  the  spectrum  decreases  as  the  voltage  is  increased  for  both  structures.  The 
frequency  tuning  out  of  these  maxima  from  the  SCSW  and  TMoi-mode  synchronism  at  fixed  Ud  depends  on  the 
structure  length  as  1/L.  This  dependence  is  more  exact  for  the  ratio  (Vscsw  “  lph)/l^scsw  ^  V where  Vph  = 
is  the  wave  phase  velocity  determined  by  the  dispersion  characteristic  of  the  TMoi-mode  without  a  beam.  A  stepwise 
violation  of  this  dependence  occurs  at  Ud  >  U^^^  ^  were  is  the  diode  voltage  at  which  the  generation  efficiency 
reaches  a  maximum.  Note  that  for  Ud  >  U^^^  the  directivity  diagram  undergoes  a  change  consisting  in  the  fact  that 
the  narrowing  of  the  diagram,  characteristic  of  the  TMoi-mode,  as  well  as  the  appearance  of  an  additional  maximum 
with  a  large  angle  occur.  For  the  structure  with  /  =  1.3  cm  at  Ud  >  600  kV,  a  stepwise  traxisition  to  a  longer 
radiation  wavelength  with  an  increase  in  diode  voltage  takes  place.  Two  spectrum  groups  may  be  distinguished. 
The  first  spectrum  group  is  characterized  by  the  fact  that  it  develops  in  time  after  the  radiation  appearance  on  the 
shorter  wavelength  and  is  due  to  nonlinear  processes  in  the  beam.  The  second  spectrum  group  corresponds  to  the 
usual  development  of  the  radiation  generation  process. 

The  region  of  Ud  where  the  generation  efficiency  increases  by  a  factor  of  1.5  and  2  at  /  1.3  and  1.4  ’:m, 

respectively,  is  of  greatest  interest.  When  the  slow- wave  structure  length  decreases  from  the  optimal  Topt  —  24/  (/  = 
1.4  cm)  to  the  essentially  starting  one  L  =  14/  (Lst  =  13/),  increases  from  750  to  1050  kV.  Tlie  resonance  region 
becomes  less  pronounced,  the  maximum  efficiency  decreases  from  7%  to  3%  and  the  SCSW  and  TMoi  synchronism 
point  for  U^^^  moves  aside  from  the  7r-mode  along  the  TWT-branch,  Note  that  at  L  =  Lopti  the  total  power  {P$d-P(p) 
reached  500  to  800  MW  with  the  10%-efficiency  in  the  radiation  extracted  into  the  atmosphere.  For  a  structure  with 
a  larger  slowing-down  (/  =  1.3  cm),  the  resonance  region  width  is  narrower  and  an  increase  in  efficiency  is  smaller. 
The  SCSW  and  TMoi  synchronism  point  for  U^^^  does  not  move  to  the  TMoi-mode  TWT-regioii. 

The  microwave  radiation  pulse  duration  is  limited  by  the  beam  pulse  duration.  The  pulse?  form  depends  on 
the  tuning  out  on  the  main  spectral  maximum  frequency  from  the  sinchronism  frequency  of  tlie  SCSW  with  the 
TMoi-mode.  In  case  Ud  ^  the  trapezoid  pulse  form  turns  into  a  triangular  or  bell-like  form  cut  by  peaks  of 

low  amplitude  and  time  scale. 

In  this  part  we  shall  consider  the  investigation  results  for  MWCG  with  a  two-sectional  slow- wave  structure.  The 
first  section  length  was  usually  Li  <  Lst-  It  was  studied  how  the  lengths  of  the  second  section,  the  drift  tube,  the 
beam  radius,  the  magnetic  field  might  be  varied  to  optimize  the  generation.  The  influence  of  these  parameters  as 
well  as  of  the  diode  voltage  on  the  radiation  spectrum  and  directivity  diagram  form  was  studied.  The  main  results 
are  as  follows.  Similar  to  one-sectional  structures,  the  two-sectional  radiation  spectra  have  satellites,  the  0-  and 
^-polarization  spectra  coincide,  and  the  radiation  wavelength  decreases  as  the  voltage  is  increcised.  The  power  ratio 
is  also  P(p  —  (0.3  to  0.5)T^.  The  optimal  magnetic  field  is  R  =  8  to  10  kG.  The  generation  efficiency  has  no  marked 
maximum  in  (/a,  it  grows  with  increasing  Ud  and  decreasing  the  wave  slowing-down.  The  maximum  generation 
efficiency  according  to  the  total  radiation  {Pg  +  Pip)  into  the  atmosphere  reached  20%  and  10%  at  /  =  1.4  and  1.3 
cm,  respectively.  The  maximum  power  reached  2  GW  at  a  radiation  pulse  duration  of  35  ns.  Tlie  existence  of  U^'^ 
the  exceeding  of  which  results  in  sharp  increase  in  generation  instability  (>30%),  the  appearance  of  spectral  lines 
with  A  <  Att  of  the  TMoi-mode  and  the  disappearance  of  the  generation  with  A  >  A^,  are  general.  The  values  of 
U^^  are  approximately  equal  to  550  to  600  kV  and  1100  kV  at  /  =  1.3  and  1.4  cm,  respectively,  and  are  somewhat 
higher  than  Ud  at  which  the  SCSW  and  TMoi-mode  synchronism  point  makes  the  transition  from  the  1”  to  the 
”0”  space  harmonic. 
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The  second  section  optimal  length  is  <  Lst  (/  =  1.4  cm).  When  L2  is  increased,  the  power  grows  not  smoothly 
but  with  a  step  at  L2  ^  10/.  The  directivity  diagram  also  changes  sharply  (the  main  diagram  lobe  angle  decreases 
from  14®  to  8®).  At  L2  >  16/,  the  main  diagram  lobe  angle  decreases  to  2®  and  the  share  increases.  At  Ud  « 
the  diagram  takes  the  Gaussian  form  (the  power  maximum  in  the  center),  the  stability  drops,  and  the  spectral  line 
shifts  to  the  non-transmission  band  of  the  TMoi-mode.  In  case  /  =  1.3  cm,  the  generation  instability  becomes  more 
apparent,  the  share  is  larger  and  the  power  dependence  on  L2  has  no  marked  optimum.  It  follows  from  the 
experiments  that  the  optimal  beam  radius  is  less  at  /  =  1.4  cm  than  at  /  =  1.3  cm. 

The  radiation  parameter  dependencies  on  the  drift  tube  length  have  two  scales  (^  /  and  ^  //2).  The  large-scale 
Ldv  changes  determine  the  radiation  power,  =  (5  to  8)/.  Low-scale  Ldv  changes  essentially  affect  the  directivity 
diagram  form,  the  radiation  spectrum,  the  power,  and  the  generation  stability. 

As  mentioned  above,  the  Ud  and  L2  increase  in  the  structures  with  /  =  1.3  cm  rapidly  increases  the  generation  in¬ 
stability.  When  the  section  lengths  were  decreased,  the  generation  efficiency  dropped.  To  eliminate  the  contradictory 
requirement  to  increase  beam  —  field  interaction  length  with  decreasing  the  structure  Q,  an  experiment  with  the 
structure  consisting  of  five  short  equal  sections  with  L  =  5/  connected  by  drift  tubes  of  equal  length  was  performed. 
At  Ud  >  stable  generation  with  a  12%-efficiency  on  the  3, 42-cm- wavelength  was  obtained.  In  a  two-sectional 
device  A  =  3.25  to  3.3  cm. 

4.  NUMERICAL  SIMULATION  RESULTS  AND  COMPARISON  WITH  EXPERIMENTAL  DATA 

To  begin  with,  we  consider  numerical  simulation  results  for  one-sectional  devices.  By  solving  a  bound  ary- value 
problem,  several  first  longitudinal  resonances  of  the  TMoi-mode  were  determined.  The  resonance  ordinal  number  is 
counted  out  from  the  7r-mode  oscillations.  The  starting  currents  /gt  were  determined  from  the  condition  of  a  strong 
power  amplification  (40  to  75  dB)  at  a  small  change  of  the  beam  current.  The  starting  currents  strongly  depend  on 
the  beam  diameter  and  increase  with  the  resonance  number.  When  the  electron  energy  was  changed,  the  presence 
of  starting  current  minima  was  found.  Measurements  of  the  first  longitudinal  resonance  starting  current  carried  out 
agree  well  with  the  value  calculated.  At  optimal  parameters  {U^^^  =  900  kV,  L  =  18/,  /  =  1.4  cm)  the  ratio  Ih/ht  ^ 
3.  For  a  structure  with  larger  slowing-down  (/  =  1.3  cm)  near  the  ratio  Ih/ht  ^  16  for  the  first  resonance. 

Theoretical  dependencies  of  the  generation  wavelength  on  voltage  agree  with  the  experimental  ones.  For  a 
structure  with  L  =  18/  (/  =  1.4  cm),  the  wavelengths  correspond  to  the  first  longitudinal  resonance  excitation 
(the  second  resonance  starting  currents  are  ht  >  h)-  For  a  structure  with  L  =  18/  (/  =  1.3  cm)  at  a  low  diode 
voltage  {Ud  <  550  kV)  the  first  longitudinal  resonance  becomes  excited.  With  the  Ud  growth,  the  second  and  third 
longitudinal  resonances  become  excited  subsequently.  An  analysis  of  experimental  data  also  shows  the  appearance 
of  spectral  line  between  first  and  second  and  then  between  the  second  and  the  third  resonances  due  to  nonlinear 
processes  in  the  beam.  It  should  be  noted  that  the  radiation  wavelength  tuning  out  from  the  longitudinal  resonance 
of  the  structure  without  a  beam  decreases  with  the  diode  voltage  growth.  It  follows  from  the  calculations  that  the 
consecutive  transition  of  regimes  from  BWO  to  TWT-BWO  and  TWT  results  in  changes  in  electromagnetic  field 
longitudinal  distributions,  toward  and  backward  power  flows,  and  the  alternating  component  of  the  beam  kinetic 
power. 

In  this  part,  we  consider  MWCG  numerical  simulation  results.  Structures  with  /  =  1.4  cm  were  studied  only. 
The  superposition  of  the  resonances  appeared  in  the  sections  of  the  periodic  and  smooth  waveguides  results  in  the 
appearance  of  complex  longitudinal  resonances  in  the  generator.  The  drift  tube  length,  second  section,  diode  voltage, 
beam  radius  effects  on  the  spectrum  and  the  starting  current  of  the  first  three  (counted  from  the  7r-mode)  longitudinal 
resonances  were  investigated. 

To  begin  with,  we  consider  the  drift  tube  influence  on  the  processes  in  MWCG.  It  follows  from  the  calculations 
that  the  resonances  appearing  in  the  drift  tube  increase  the  shift  to  the  low  frequency  region  and  substitute  each 
other.  The  resonance  location  near  the  7r-mode  repeats  with  the  period  of  1.6  cm  that  shows  good  agreement  with 
a  half- wavelength  of  the  smooth  waveguide  TMoi-mode  Aw/2  on  generation  frequencies.  This  indicates  that  the 
connection  between  sections  is  effectively  realized  by  the  TMoi-mode.  When  Ldr  is  increased  by  Aw/2,  an  additional 
phase  increase  in  the  standing  wave  period  is  realized  in  the  drift  tube.  All  the  resonances  shift  on  the  wavelength 
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by  one  number  and  a  new  resonance  corresponding  to  the  first  one  appears.  The  sectional  structure  peculiarity  is 
the  appearance  of  resonances  in  the  nomtransmission  band  of  the  TMoi-mode.  The  resonance  starting  currents  also 
change  with  Aw/2  period  and  depend  on  the  resonance  number.  Two  types  of  the  drift  tube  differing  in  essence  in 
the  field  structure  and,  respectively,  the  periodic  waveguide  section  matching  can  be  noted.  For  the  matched  and 
dismatched  structures,  the  drift  tubes  differ  in  length  by  Aw/4. 

Complete  comparative  analysis  of  calculation  and  experimental  results  is  difficult,  since  even  at  obvious  excitation 
of  TMoi-mode  in  the  experiment,  side  by  side  with  ^-polarization,  a  radiation  with  ^^-polarization  is  present  in  the 
diagram.  The  latter  is  evidently  due  to  the  presence  of  the  beam  disadjustment  and  incomplete  synchronization 
of  the  beam  —  field  interaction  region.  The  presence  in  the  experiment  of  the  generation  spectral  lines  in  the 
TMoi-mode  non-transmission  band  is  difficult  to  associate  with  the  calculation  results,  since  at  A  <  A^r  share  of 
increases,  which  may  pointed  to  nonsymmetrical  mode  excitation.  The  latter  were  not  studied  either  experimentally 
or  theoretically.  It  follows  from  the  experiment  that  the  transition  from  the  drift  tube  Ldr  =  ^  2.65Aw  to  the 

one  Ldr  =  5.5/  «  2.4Aw  results  in  an  increase  in  the  wavelength  of  the  main  spectral  maximum  from  3.27  to  3.32 
cm.  According  to  the  calculations,  this  corresponds  to  the  transition  from  the  first  to  the  second  resonance.  This 
transition  is  due  to  the  increase  for  the  first  resonance  and  ht  decrease  for  the  second  one.  The  radiation  parameter 
stability  should  be  noted  to  increase  during  the  transition  to  Ldr  ^  2.4 Aw • 

All  subsequent  calculations  were  performed  for  MWCG  with  Ldr  ^  2. 65 Aw-  It  follows  from  a  comparison  of 
numerical  and  experimental  data  that  the  wavelengths  of  the  main  spectral  maxima  correspond  to  the  first  resonance 
excitation.  The  radiation  wavelength  generation  dependence  on  Ud  in  MWCG  is  realized  by  the  B WO- type,  by 
analogy  with  a  one-sectional  structure.  It  follows  from  the  calculations  that  in  the  investigated  range  of  electron 
beam  parameters  and  slow-wave  structure  geometry,  simultaneous  excitation  of  the  first  two  resonances  is  possible. 
In  the  experiment,  excitation  of  the  first  resonance  only  as  well  as  of  both  the  first  and  the  second  ones  is  realized. 
In  the  latter  case,  the  power  is  maximum.  Comparison  of  experimental  and  theoretical  results  shows  that  in  the 
optimal  regime  Ih/ht  ^  3,  which  agree  with  a  one-sectional  structure  (/  =  1.4  cm).  According  to  the  calculations 
and  experiments  (for  the  main  spectral  maximum),  the  MWCG  radiation  wavelength  weakly  depends  on  the  beam 
radius  and  the  second  section  length. 


5.  CONCLUSIONS 


The  generation  efficiency  increase  in  MWCG  with  a  two-sectional  slow- wave  structure  is  due  to  the  use  of  high 
electron  energy  beams  (>  1  MeV)  and  the  decrease  in  slowing-down.  More  complex  multisectional  structures  are 
necessary  to  increase  the  generation  efficiency  at  <1  MeV-electron  energies.  This  requires  that  the  formation  of 
bunches  be  optimal,  and  the  accumulated  and  taken  out  electromagnetic  fields  be  matched.  In  this  case,  promising 
are  the  regimes  of  beam  —  field  interaction  tuned  out  of  the  TMoi-mode  7r-type. 
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ABSTRACT 

We  considered  the  superradiance  of  ensembles  of  electrons  rotating  in  the  uniform  magnetic  field.  It  is  demonstrated  that 
such  processes  may  be  used  for  generation  of  powerful  ultrashort  microwave  pulses. 

The  effects  of  the  superradiance  of  ensembles  of  inverted  atoms  in  quantum  electronics  have  long  been  an  object 
of  theoretical  and  experimental  investigations.  Recently,  interest  was  aroused  in  such  phenomena  in  ensembles  of 
classical  oscillators  1-^.  A  classical  analogue  of  the  superradiance  effect  is  radiative  instability  in  space-localized  ensembles  of 
electron-oscillators  having  infinite  lifetime.  As  a  consequence  of  the  development  of  nonthreshold  superradiance 
instabilities,  the  energy  of  oscillatory  motion  is  emitted  in  the  form  of  a  short  electromagnetic  pulse  with  the  duration  of 
about  several  periods  of  HF  oscillations.  Powerful  ultrashort  microwave  pulses  are  interesting  for  radiotechnical 
applications,  as  well  as  for  investigations  of  nonlinear  phenomena  in  plasmas  and  solid  matter.  Superradiative  instabilities 
may  develop  when  an  intense  e.m.  pump  wave  or  undulator  field  affects  on  th^i^ving  electron  clusters-^.  Here  we 
analyze  superradiance  in  a  layer  of  electrons  rotating  in  a  uniform  magnetic  field  H=  zqHq  • 

Let  the  electrons  have  equal  transverse  momenta  p±o=mYvio  and  be  (to  an  accuracy  of  small  fluctuations) 
distributed  uniformly  over  the  cyclotron  rotation  phases  at  the  initial  moment  of  tune.  The  unperturbed  static  electron  charge 
is  compensated  by  the  ion  background.  The  particles'  motion  will  be  described  by  the  following  equations 

dp  . 

=lC0HP+-eE+-iePzH+, 

^^7  e  T  /  n  a.  F  ^  Pz 

where  p^=px+ipy,  H+=Hx+/Hy,  E+=Ex+zEy  is  electric  field,  cOH=eHo/mcY  is  the  relativistic  gyrofrequency,  Y=(l+lp^|2/(mc)2)  is 
the  relativistic  mass-factor,  Fcoul  is  the  Coulomb  force.  The  layer  considered  will  radiate  circularly  polarized  waves  in  the  ±z- 
directions. 

z+ct 

E+=-—  Jj+(z'»  t-lz-z'!/c)  dz'  (^) 

z-ct 

where  j +=-ep<v+>  is  the  electron  current  density,  p  is  the  electron  density,  and  <v+>  is  the  average  electron  velocity  in  the 
given  cross  section.  We  will  now  assume  that  the  electrons  are  subrelativistic  ones,  and  radiate  near  the  nonrelativistic 
gyrofrequency  cOho-  Representing 


we  reduce  the  set  of  equations  (l)-(2)  to  the  form 


a  A  ICOhoI  ^ 


=-ilipilpir-a, 


dpz 

=2pRe(ipi^  )+Fcoui , 


dZ  2 
dx 


a(Z,  x)=  ^  J  Jp^exp(-/1Z-Z’l)dZodi3o 
0  0 

with  the  initial  conditions  pilt=o=exp(i'6o+ircos'6o),  iJoe  (0,  2jt),  pilx=o=0. 

The  following  dimensionless  variables  are  used  here:  x=COHot,  Z=cOhoz/c,  Pi=p+/pio.  ^=Pz/nic,  a=eA/mcoHoVio,  I=COp2/2cOHo^, 


546  /SPIEVoI.  2259 


0-8194-1 581-2/94/$6.00 


tOp  is  the  plasma  frequency  ,  |a,=vxo^/2c2,the  parameter  r«l  characterizes  the  initial  electron  modulation  over  the  cyclotron 
rotation  phases,  Zo  is  the  initial  electron  coordinate,fro  is  the  initial  rotation  phase. 

In  the  small  signal  approximation  we  obtain  the  characteristic  equations  from  eqs.(3)  to  determine  the 
frequencies  Q^co/cOho+IX-I  and  spatial  stmcture  of  eigenmodes: 


HereB=(DHob/c,  b  is  layer  width, 
equation 


tg(rB/2)=j/r  for  symmetric  mode. 


(4) 


ctg(rB/2)=-i/r  for  antisymmetric  mode 

and  r  is  the  normalized  wave  number  inside  the  layer,  which  are  given  by  the  dispersion 


r2-  i=-2i(|x(r2- 1  )/n2+i/Q ) 


(5) 


The  behavionr  of  the  gain  llmlll  as  a  function  of  the  layer  width  B  for  symmetric  and  antisymmetric  modes  is  show 
in  fig.l.  With  the  growth  of  B  the  gain  at  first  increases,  then  it  decreases.  In  the  case  of  wide  layers,  when  B»l,  the  gain 
tends  to  the  value 


COp'^  / - 

2^^2Pio2cOHo2/a)p2-l 


(6) 


for  a)p2/a)Ho2<2Pio2  and  to  zero  for  COp2/cOHo2>2pio2.  For  the  case  of  a  thin  layer,  when  B  «  1,  the  gain  is  equal  to 

OOpPlO  /q\ 

IImQl=  - ^  ^ 

COhov2 

Spatial  structures  of  eigenmodes  are  shown  in  Fig.2. 

Aa 


Fig.  1.  Superradiative  instability  groth  rate  as  Fig.  2.  Spatial  profile  for  first  symmetric  (Si)  and 

a  function  of  layer  width  for  different  eigenmodes.  first  antisymmetric  (Ai)  modes. 


The  nonlinear  stage  of  the  cyclotron  superradiance  was  investigated  by  numerical  simulation  ofEqs.(3).  The 
time  dependence  of  the  radiation  power  W=l  a\\=o  and  the  total  electron  efficiency 


B 

Ti=l-  (l/B)J<|pil2+pz2/p^o2>^  dZ' 

0 

are  given  in  Fig.3.  Figure  4  displays  the  formation  of  the  spatial  structure  of  the  fundamental  symmetric  mode  at  the  initial 
linear  stage  of  radiation  (t<60),  and  the  stochastization  of  this  stmcture  at  the  nonlinear  stage  (t>60). 
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Fig.  3.  Superradiance  power  and  electron  efficiency  vs  time:  1=0,1;  B=6. 


Fig.  4.  Evolution  of  electric  field  profile  inside  of  the  electron  layer:  1=0,1;  |X=0,1;  B=6. 

Important  to  note  that  it  is  possible  to  increase  the  superradiance  power  essentially  and  to  shift  the  frequency  to  the 
short-wave  part  of  the  spectrum  by  imparting  to  electrons  translational  velocity  close  to  the  light  velocity.  In  a  such  case  in 
accordance  with  Doppler  effect,  the  relation  between  frequencies  of  waves  propagating  in  +z-  and  -z-directions  is  following: 

©■•■/(D“=4Yo^.  The  electromagnetic  energy  flux  densities  in  immovable  points  on  both  sides  of  the  layer  are  differ 

significantly:  S+/S"=16yo'^.  The  duration  of  radiation  pulse  in  ±z  -directions  from  the  layer  for  observer  in  laboratory 
reference  frame  is  equal  to 

At±=(l+Vz/c)yoAt'  (8) 

where  Af  is  the  pulse  duration  in  comoving  frame. 

Let  us  estimate  the  possibility  to  use  the  modulator  with  picosecond  pulse  duration  6  for  generation  of  short 
superradiative  pulses.  Let  the  electron  density  n=10l2  cm-3,  (  C0p=5,5*10l0s-1),  electron  pulse  length  1.5  cm,  and  the 
electron  energy  300  keV.  We  suppose  that  electrons  pass  through  the  region  with  inhomogeneous  magnetic  field  where 
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electrons  acquire  transverse  velocity  Vio=0, 45c.  Then  particles  radiate  in  uniform  magnetic  field  with  strength  Ho=6.6kOe. 
The  radiation  wavelength  X=1.5cm.  These  values  of  parameters  correspond  to  I  =  0.1,  M.=0.1  and  B  =  6.  From  fig.2  for  the 
normaUzed  radiation  power  we  obtain  W„ax=3*10-3.  Therefore  in  dimensional  variables  the  peak  power  per  square  unit 
6  MW/cm  .  The  pulse  duration  of  the  superradiance  is  about  300  ps. 

In  the  case  of  moving  electron  layer  with  particles'  energy  2.5  MeV,  vxo=0.1c,  v^o=0.98c,  n=0,2*10l2cm-3,  with 
electron  pulse  length  0.28cm  (in  the  comoving  reference  frame  these  parameters  correspond  to  described  above)  for  the 
short-wave  component  of  radiation  with  wavelength  0.15  cm,  power  emitted  per  unit  square  will  achieve  0.6  GW  and  the  e.m, 
pulse  duration  will  be  about  of  30  ps. 
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The  use  of  two-dimensional  distributed  feedback  for  synchronization  of 
radiation  of  powerful  sheet  and  tubular  relativistic  electron  beams 

N.S.Ginzburg,  N.Yu.Peskov,  A.S.Sergeev 

Institute  of  Applied  Physics  RAS,  46  Ulyanov  str.,  603600,  Nizhny  Novgorod,  Russia 


Abstract 

It  is  proved  that  there  is  the  possibility  to  use  2-D  distributed  feedback  to  ensure  powerful  spatial-coherent  microwave 
emission  of  sheet  and  tubular  relativistic  electron  beam  with  transverse  size  exceeding  wavelength  by  the  factor  10^  -  10^ . 

Introduction 

For  generation  of  superpower  microwave  radiation  it  is  perspective  to  drive  FEL's  by  intense  sheet  and  tubular  (hollow) 
relativistic  electron  beams  with  particle  energy  1-2MV,  total  current  up  to  lOOkA  and  power  up  to  lOOGW.  However,  the 
typical  transverse  size  of  such  beams  runs  up  to  10^  cm  [1,2].  As  a  result,  the  main  problem  is  to  provide  spatial  coherence 
of  emission  from  different  parts  of  electron  beams.  For  solving  this  problem  in  [3,4]  the  use  of  two-dimensional  distributed 
feedback,  which  may  be  realized  in  a  planar  and  coaxial  2-D  Bragg  resonator,  proposed.  The  additional  transverse 
electromagnetic  energy  fluxes  arising  in  these  resonators  should  synchronize  radiation  of  electron  beams  with  the  transverse 
size  essentially  exceeding  the  wavelength. 

FEL  with  Planar  2-D  Bragg  Resonator  and  Sheet  Electron  Beam 

Let  us  consider  the  planar  2-D  Bragg  resonator  (Fig.  la)  formed  by  two  metal  plates  with  width  1^  ,  length  1^  and 

distance  between  them  Uq  ,  which  are  corrugated  as  a  =  ai(cos(hx-hz)  +  cos(hx  + hz))  ,  where  h  =  ^^2n|d  ,  d  is 

corrugation  period,  a^  is  corrugation  depth.  Assuming  ha^  « 1  we  will  seek  the  field  in  the  resonator  in  the  form  of  four 
coupled  waves:  propagating  in  the  ±z  and  propagating  in  the  ±x  directions: 


Fig.l  The  general  scheme  of  FEL-generator  with  two-dimension  Bragg  resonator  driven  by  sheet  (a)  or  tubular  (b) 
electron  beam  (the  drift  velocity  of  electrons  directed  along  z  coordinate) 
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(1) 


:Re[yo(^+(x,z,t)e  +  c^.(x,z,t)e^^  +  ^^(x,z,t)e  i^+^_(x,z,t)e‘^’^ 


where  co  =  he  is  Bragg  frequency. 

We  investigate  here  excitation  of  the  2-D  Bragg  resonator  by  a  sheet  relativistic  electron  beam.  Suppose  that  electrons 
oscillate  either  in  the  undulator  field  (ubitron)  or  in  the  uniform  axial  magnetic  field  (cyclotron  autoresonance  maser).  In 
assumption  that  only  the  of  ^  wave  is  synchronous  to  the  electrons  moving  in  the  +z  direction  and  the  rest  partial  waves 

do  not  interact  with  the  beam,  the  oscillations  build-up  can  be  described  by  the  following  system  of  equations: 


dZ  dr  ^ 

0 

=  0,  ^+^  +  p^^^j:@±  +  o:@±  +  ia(c;f^  +  c^.)=0 

Boundary  conditions  for  Eqs.(2)  take  the  form 

^^{X,-LJ2)  =  0 ,  crf_(X,+Lj2)  =  0  ,  ^J-LJ2,Z)  =  0,  :8_(+Lj2,Z)  =  0 


(2) 


(3) 


®lz=-Lz/2  ^[*^>271)  , 


=  -A 


Z=-Lz/2 


Here  Z  =  hzC  ,  X  =  hxC  ,  T  =  cotC  ,  a  is  wave  coupling  coefiQcient,  C- 


87ryomc\ 


is  gain  parameter. 


Vgj  =  PgfC  is  group  wave  velocity,  9  is  electron  phase  relative  to  synchronous  wave,  A  is  initial  mismatch  of 
synchronism,  K  is  parameter  proportional  to  the  oscillatory  particles  velocity,  p  is  bunching  parameter  ,  I,  is  electron 
current,  ^  ~  ^  >  ct  =  cr  /  C  is  ohmic  losses  (these  losses  are  important  for  PEL  with  coaxial  Bra^  resonator,  so  in 


this  section  we  suppose  cr  =  0  ). 

Dependencies  of  efiQciency  on  time  at  the  region  of  parameters,  where  the  establishment  of  the  stationary  regime  of 
generation  takes  place,  are  presented  in  Fig.2.  At  the  stationary  regime  spatial  structures  of  partial  waves  and  are 

close  to  the  structures  of  corresponding  waves  for  the  most  high-Q  mode  of  "cold"  resonator  (compare  Fig.  3  and  Fig.  3  in 
Ref  [4]).  The  frequency  of  this  mode,  as  well  as  the  oscillations  frequency,  coincides  with  the  Bragg  one.  It  is  important  to 
note  that  transverse  distribution  of  the  amplitude  of  synchronous  wave  does  not  depend  on  transverse  coordinate  x 

that  provides  equal  eners^  extraction  for  all  parts  of  the  electron  beam. 

From  Eqs.(2)  it  can  be  shown  that  at  stationary  conditions  (5/^  =  0),  when  the  fundamental  mode  is  excited, 

distribution  of  waves  along  longitudinal  coordinate,  as  well  as  efficiency,  does  not  change  when  conditions  =  const 
and  =  const  are  satisfied.  Such  a  scaling  gives  us  the  possibility  to  increase  the  width  of  the  interaction  space 

simultaneously  decreasing  coupling  parameter  (for  example,  decreasing  corrugation  depth).  Computer  simulation  of 
nonstationary  equations  (2)  confirms  this  conclusion.  If  <  5  the  synchronization  regime  is  stable  at  least  up  to  L,,  <  30 


SPIE  Vol.  2259/551 


Fig.2  Build  up  stationary  regime  of  oscillations. 

Dependencies  of  normalized  efficiency  on  time: 

L,  =  4  ,  A --1,82  ,  a2L,  =  l,25  : 

1.  L,  =  0,8;  2.  L,  =  3,2;  3.  L,  =  12,8  ;  4.  L,  =  28,8. 


Fig.3  Spatial  distribution  of  partial  wave  amplitude 
in  the  stationary  regime  of  oscillations: 
L^  =  4,  A  =  -l,82,  L,-12,8,  a  =  0,32  . 


However,  the  transitional  time  increases  with  increasing  system's  width  (see  Fig.2). 

Using  the  theory  carried  out  we  have  designed  the  FEL  with  wavelength  4mm  and  output  power  up  to  20GW  driven 
by  relativistic  electron  beam  with  transverse  size  140cm  ,  electron  current  IkA/cm  ,  particles  energy  IMeV  and  pulse 
duration  10”^  s  (accelerator  U-2  ,  INPRAS,  Novosibirsk  [1]). 

FEL  with  Coaxial  2-D  Bragg  Resonator  and  Tubular  Electron  Beam 

Scheme  of  the  FEL  with  tubular  electron  beam  and  coaxial  2-D  Bragg  resonator  is  presented  in  Fig.  lb.  For  this  scheme 
double-periodic  corrugation  of  the  walls  couples  the  ^  waves  propagating  in  ±z  direction  and  the  ±  waves 
propagating  in  the  azimuthal  ±(p  one.  Let  us  assume  that  the  resonator  radius  R  exceeds  essentially  the  distance  between 
the  plates  and  the  wavelength  (R  »  >-  ,ao  ).  Under  these  conditions,  neglecting  low  curvature  of  the  plates,  we  can  describe 
excitation  of  this  resonator  by  tubular  electron  beam  with  the  help  of  Eqs.(2),  where  X  =  R9  is  coordinate  along  the 
perimeter  of  the  resonator.  Boundary  conditions  (3)  in  the  longitudinal  direction  for  waves  and  for  electrons  don't 

change,  while  in  the  transverse  direction  the  conditions  of  cyclicity  are  valid 

c^*(-L,/2,Z)  =  c^J+L,/2.Z),  J0,(-L,/2,Z)  =  ^,(+L,/2,Z)  ,  (4) 

where  L^  =  27cRC  is  normalized  perimeter  of  the  resonator.  According  to  relations  (4  )  it  is  possible  to  expend  solutions  of 
Eqs.(2)  in  Furies  series  and  considered  every  term  as  a  mode  with  azimuthal  index  ra 

An  important  specific  feature  of  coaxial  2-D  Bragg  resonator  is  exitation  of  a  nondisappeared  azimuthal-symmetric 
eigenmode  (i.e.  a  mode  with  the  infinite  quality  factor),  if  we  don't  take  into  account  ohmic  or  diffraction  losses  for  the 
partial  waves  B  ^  .  At  the  same  approximation,  azimuthal  nonsymetric  eigenmodes  (  m  ^  0  )  have  finite  losses  (finite 

quality).  Therefore,  under  excitation  of  such  a  resonator  by  electron  beam  selective  discrimination  azimuthal  nonsymetric 
modes  arise.  However,  establishment  of  stationary  generation  regime  the  losses  (  a  0  )  for  partial  waves  B  ±  have 

principal  importance. 

Transient  process  may  be  divided  into  two  stages.  At  the  first,  relatively  short,  stage  during  several  passes  of  partial 
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waves  over  resonator  azimuthal  symmetric  distributions  of  waves  amplitudes  are  formed.  At  the  next  stage  lasting  for  a 
longer  time  than  the  first  one,  storage  of  electromagnetic  energy  in  resonator  occurs.  At  the  end  of  this  stage  the  stationary 
single-frequency  generation  regime  establishes.  This  conclusion  is  illustrated  by  Fig.4  that  represents  the  time-dependencies 
of  different  azimuthal  harmonics  in  spectrum  j8  ±  in  the  cross-section  Z  =  . 


a)  first  stage 


b)  second  stage 


Fig.4  Normalized  efficiency  and  amplitudes  of  azimuthal  harmonics  in  spectrum  of partial  wave  V5'  time: 

=  6,8  ,  A  =  -0,65  ,  L,  =  12,8  ,  a  =  0,1 ,  a  =  0,1 


At  time  t  =  0  we  take  the  wave  cA  ^  as  initial  perturbation,  in  the  spectrum  of  which  amplitudes  of  different 
harmonics  with  number  me{-l,0,l}  are  equal.  At  first,  transformation  of  the  wave  eA  ^  into  the  waves  takes  place 
and  the  amplitude  of  all  harmonics  in  spectrum  of  B  ^  growth.  But  then,  amplitudes  of  all  harmonics  except  m  =  0  fall 
practically  to  zero.  As  is  clear  from  comparing  Fig. 4a  and  Fig. 4b,  the  main  part  of  the  transitional  process  occupies  the 
second  stage  (stage  of  energy  storage)  when  distribution  of  waves  amplitudes  is  azimuthal  symmetric  and  equal  energy 
extraction  from  different  parts  of  electron  beam  take  place.  Due  to  this  reason,  total  transitional  time  only  to  a  small  degree 
depends  on  the  perimeter  of  the  system  L„  .  Characteristics  of  stationary  regime  of  generation  do  not  depend  on  foil 

perimeter  too. 

Note  that  the  establishment  of  stationary  regime  we  observe  in  the  computer  simulation  at  least  to  the  value  of 
normalized  perimeter  L,,  =  30  what  corresponds  to  R/A,«10^  under  gain  parameter  C  =  10‘V  This  confirms  the 
possibility  of  using  large  size  tubular  electron  beams  for  generation  of  powerful  spatial-coherent  radiation. 
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ABSTRACT 

The  peculiarities  of  the  self-congruent  interaction  of  surface  fields  of 
the  super dimensional  periodic  waveguide  and  the  relativistic  hollow  electron 
beam  are  considered  with  using  methods  of  linear  multimode  and  nonlinear 
nonstatlonary  theories.  The  longitudinal  and  transversal  electromagnetic  field 
structure,  the  efficiency  and  the  spectrum  of  radiation  are  determined. 

IRTRODUCTIOR 

Vhen  the  electron  beam  is  synchronized  with  the  electromagnetic  field  on 
the  frequencies  near  the  band  cutoff  the  resonance  effects  arise.  This 
peculiarity  is  used  for  the  electron  mode  selection  in  amplifiers  and 
generators  with  superdimensional  periodic  waveguides  Beam's  influence  on 
the  mode  selection  is  studied  unsufficiently.  Particularly  this  relates  to 
"hot''  cutoff  moving  and  changing  of  "hot”  synchronism  conditions^. 

The  numerical  simulation  of  physical  processes  in  Cerenkov  sources  was 
executed  by  using  linear  and  nonlinear  approach.  The  matrix  multimode  method*, 
consisting  in  the  consideration  of  the  field  in  the  periodic  waveguide  in 
linear  approach,  is  used  for  analysis  of  the  field  configuration.  Theoretical 
analysis  of  oscillations  evolution  in  Cerenkov  generator  is  made  according  to 
nonlinear  nonstatlonary  methods.  The  assumption  about  a  maine  role  of  electron 
and  field  of  surface  wave  interaction  in  Cerenkov  generator  is  in  the  basis  of 
this  method.  This  peculiarity  of  the  beam  radiation  in  superdimensional 
periodic  waveguide  are  confirmed  by  results  of  multimode  method*.  The 
supposition  permits  to  use  the  approximate  nonlinear  method,  based  on  surface 
field  describing  with  using  the  network  inethod,  replaced  by  equivalent 
circuit.  In  limits  of  the  model,  used  for  the  analysis  of  nonstationary 
processes,  we  make  the  assumption  about  slow  changing  of  processes  in  the 
time.  Particularly,  there  is  pick  out  the  basic  frequency  equals  the  frequency 
of  beam  and  field  synchronism. 

1. FIELD  ARP  VA7E5  IM  AMPLIFIER  AHD  GENERATOR 

We  consider  the  results  of  the  numerical  analysis  of  the  surface  and 
electron  mode  formation  in  the  relativistic  amplifier  with  large  diameter 
<D>\)  with  beam  current  1=1-10  kA  and  electron  energy  of  E=0, 3-1.0  MeV,  These 
modes  often  correspond  to  eigenwaves,  which  are  increased  along  the  system  and 
characterize  signal  amplifying. 

Eigenwave's  field  structure  in  any  cross-section  is  determined  as  a 
superposition  of  regular  waveguide  modes  and  waves  in  the  beam.  So,  we  my 
determine  the  sign  of  power,  which  is  carried  out  by  electromagnetic  field  of 
individual  wave.  One  of  four  combinations  of  imaginary  part  of  propagation 
constant  Im<k^d)  <d-period  of  the  system)  and  power  of  vortex  field  P 

corresponded  to  each  elgenwave.  In  this  way,  we  may  to  distinguish  amplifying 
and  dumped  regimes  for  forward  and  backward  waves. 
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The  beam's  wave  (dotted  line)  and  the  vortex  field  power  in  dependence  on 
frequencies  are  showed  on  fig.l.  Dependencies  correspond  to  waves,  which  have 
a  complex  propagation  constant.  Umov-Pointing  vector  change  it's  sign  at 
2d/X=0,82  <n-type  of  band  cutoff  is  at  2d/X^=0, 665) .  This  value  of  2d/X  may  be 

called  "hot”  band  cutoff  because  the  waves  with  complex  propagation  constant 
dumped  when  2d/X>0.82.  The  power  of  an  electromagnetic  field  P>0,  and 
lm(k^d)>0  if  2d/X<0,62  and,  therefore,  there  is  amplifying  of  input  signal 

along  the  system. 

Ifumerical  results  for  section  of  the  system,  having  10  periods  confirm 
the  conclusion  about  wave  amplifying  on  this  frequencies.  Vortex  field 
configuration  in  the  section  of  Cerenkov  source  is  showed  on  fig  2.  It  show 
longitudinal  component  of  vortex  electrical  field  in  dependence  on  radius 

in  different  cross-section  of  the  system  -  on  the  first  <s=l),  third,  fifth, 
seventh  end  tenth  period  of  the  system,  2d/X=(l,62.  The  field  structure  inside 
the  system  is  similar  to  the  surface  wave.  Beam  and  surface  wave  synchronism 
results  in  the  essential  Increasing  of  the  surface  field  component  along  the 
system.  Near  the  end  of  section  there  is  the  maximum  of  field  on  the  axis  of 
the  system,  which  corresponds  to  surface  wave  scattering  on  periodical 
unhomogeneoties  of  the  structure. 

2, HOISTATIOEARY  PBQCESSE5  IE  GEREPATOR 

The  two  typical  cases  of  system  matching  was  chosen  to  consideration  the 
Cerenkov  radiation  efficiency  on  frequencies  near  n-type  band  cutoff.  The 
first  case  is  the  case  of  ideal  ”cold”  matching,  when  we  connect  equivalent 
resistors  which  are  equal  to  wave  resistance  of  infinite  system  at  the  enter 
and  the  exit  of  the  system.  In  the  second  case  additional  dismatching  was  used 
at  the  system  enter  and  so  reflection  from  technology  unhomogeneoties  was 
simulated.  The  investigations  of  generation  processes  development  was  made 
for  different  values  k^^d  -the  electron  transit  angle  of  an  individual  period, 

which  is  determined  by  beam  and  field  kinematic  synchronism. 

The  generation  frequency  in  ail  regimes  is  not  equal  the  frequency  of  the 
beam  and  field  kinematic  synchronism.  It  is  shifted  to  the  range  of  lowest 
frequencies.  The  results  of  the  numerical  simulation  are  presented  at  fig. 3, 
The  curve  1  corresponds  to  the  case  of  ideal  matching;  curve  2  -  the  system  at 
the  enter  is  dismatched;  dotted  line  —  line  of  the  kinematic  synchronism. 
Generation  frequency  <at  fig. 3  frequency  normalized  on  n-type  frequency)  shift 
to  Inside  of  the  band  is  corresponded  to  linear  analysis  data;  the  electron 
shift  of  the  band  cutoff  is  existed  at  this  frequencies  and  the  generation 
arises  first  of  all  at  the  frequencies  of  the  "hot”  band  cutoff.  The 
dependence  of  the  average  efficiency  on  k^^d  for  one  section  generator  is 

shown  on  fig,  4  (Curve  1  conform  to  ideal  matching,  2  -  to  dismatched  system 
at  the  enter) ,  The  radiation  power  at  the  rr-type  frequency  (k  d=JT)  reached 

the  minimum  value.  The  insignificant  variation  of  the  transit  angle  results  in 
the  Increase  of  exit  power.  In  all  cases  mechanisjns  of  TVT  and  BVT  are 
presented  simultaneously,  so  the  beam  and  the  backward  harmonic  interaction 
determine  value  of  Internal  feedback  and  section  self-  excitation  condition 
(starting  length,  starting  current),  and  interaction  with  the  traveling  wave 
leads  to  additional  amplification.  Particularly,  acceleration  voltage  decrease 
connected  with  the  intensification  TWT  mechanism  role,  results  in  the  increase 
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of  tie  radiation  power.  The  analysis  of  generation  in  systems  with  different 
length  showed,  that  the  generation  frequency  is  determined,  in  the  main,  by 
waveguide  properties  of  the  system  and  depend  on  its  length  insignificantly. 
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ABSTRACT 

The  present  work  contimaes  experimental  investigations  of  high- 
power  microwave  oscillator  driven  by  relativistic  electron  beam.  We 
studied  the  possibility  to  design  a  microwave  source  of  microsecond 
pulse  duration,  usually  restricted  by  plasma  generation  due  to  a  few 
reasons.  It  is  shown  that  the  breakdown  is  determiined  by  microwave  dis¬ 
charge,  Initiated,  in  tiorn,  by  electron  beam,  destruction  and  bombardment 
of  the  slow-wave  structujre  walls.  To  depress  the  process  of  plasma  accu¬ 
mulation  we  propose  to  apply  a  gyrotron  with  axially-symmetrical  TE-type 
mode . 


Carrying  out  this  work  we  tried  to  find  out  ways  for  realizing 
repetitively-rated  microwave  pulse  oscillators  with  high  mean  power: 
more  than  100  kW.  Availability  of  such  devices  is  vital  e.g.  for  plasma 
chemistry,  heating  plasma,  etc.  The  rep-rate  of  oscillators  is  restrict¬ 
ed  principally  by  the  value  ~  100  Hz,  so  a  microwave  pulse  should 
contain  ^  1  k J .  There  exist  microwave  oscillators  driven  by  high-cijirrent 
relativistic  electron  beams  (REB)  with  the  power  of  the  order  of  1  GW, 
but  pulse  duration  does  not  usually  exceed  <v  100  ns  irrespectively  to 
that  of  REB.  To  accomplish  the  proposed  goal  it  is  necessary  to  increase 
pulse  duration  substantially. 

The  microwave  pulse  shortening  is  due  to  plasma  generation  in  a 
powerful  vacuum  device  in  different  parts  of  it.  The  preventing  of  mic¬ 
rowave  pulse  shortening  is  possible,  therefore,  only  by  complete  elimi¬ 
nation  of  plasma  or,  at  least,  its  influence  on  the  device  operation. 

To  create  REBs  with  high  c’arrent  (of  a  few  kA )  explosive  cathodes 
are  applied.  Plasma  that  emits  electrons  expands  tran,sversely  to  the 
guiding  magnetic  field  and  changes  the  electron  beam  geometry.  This  is 
one  of  the  reasons  for  preliminary  termination  of  microwave  radiation. 
We  succeeded.^  in  stabilizing  the  beam  geometry  by  varying  magnetic  field 
in  the  diode,  but  with  the  goal  of  rep— rated  device  operation  we  managed 
to  generate  a  hollow  circular  REB  with  invariant  radius  and  thickness  in 
a  steady-state  magnetic  field.  Eig.1  demonstrates  the  radial  distribu¬ 
tion  of  beam  current  density  for  a  REB  of  500  keV,  3  k.4,  750  ns  in  dif¬ 
ferent  moments.  No  diaphragm  was  app'lied  here. 

Having  this  problem  solved,  we  got  rid  of  plasma  on  the  entrance 
diaphragm  (that  is  usually  used  to  restrict  the  outer  beam  radius),  and 
the  collector  plasm.a  was  mere.ly  removed  with  its  originator  far  from  the 

wavegulde'r  The  slow— wave  structure  was  the  only  area  where  plasma  could 
appear . 

Investigation  carried  out  at  our  setup* shows  that  microwave  dis¬ 
charge  with  plasma  creation  in  the  residual  gas  can  be  avoided  by  a 
piroper  choice  of  its  pressure.  Moreover,  beginning  from  some  value  of 
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Fig.  1  . 


microwave  electric  field  the  breakdown  threshold  tends 
to  rise  up,  because  the  cross  section  of  electron- 
molecule  interaction  drops  down  with  the  increase  of 
oscillation  velocity  of  the  particles.  Maintaining  low 
pressTure  0.1  mTor)  is  also  the  cure  for  intensive 

plasma  accumulation  due  to  collisions  of  relativistic 

2 

electrons  ( "v  1  kA/cm  )  with  gas  during  the  beam  propa¬ 
gation  (  ««  1  |.ls  )  . 

The  wavegi-iide  inner  wall  is  one  more  soiurce  of  plas¬ 
ma.  High-power  microwaves  have  sufficient  energy  to 
create  great  amoimt  of  it  by  means  of  near-wall  second¬ 
ary  emission  electron  discharge  with  the  following 
accijimulation  of  plasma.  This  effect  may  be  obviated  if 
REB  space  charge  electric  field  on  the  wall  is  always 
more  than  electric  component  of  microwaves.  But  if  the 
surface  was  previously  screened  by  sufficiently  dense 
plasma  layer  (even  a  very  little  spot  of  it),  microwave 
discharge  will  develop. 

Our  estimations  show  that  such  "ignition"  plasma  may 
appear  after  bombardm.ent  of  the  walls  by  a  weak  flux  of 

2 

relativistic  electron-s:  <”  1  A/om  .  These  electrons  may 
appear  either  as  the  convsequence  of  well-known  REB 
destruction  in  microwave  field  or  after  backseat tering 

4 

on  the  collector.  Moreover,  if  this  Initial  plasma 
forms  the  enclosed  circi.imference ,  unimpeded  azimuthal 
drift  of  ~  100  eV  electrons  (with  comp»aratively  large 
interaction  cross  section)  in  Grc>s.sed  axial  magnetic 
and  radial  electric  fields  causes  fast  plasma  accumula¬ 
tion  well  before  the  app>earance  of  microwaves  and  pre¬ 
vents  it.  It  was  confirmed  by  a  special  experiment. 

BWO  oscillator  with  the  remote  (asymmetrical)  colle- 
2 

ctor  produced  50  MW  radiation  of  300  ns  duration  with 
100  ns  time  delay  from  the  beginning  of  P.BB  propagati¬ 
on.  Solenoids  providing  the  beam  turn  to  the  collector 
being  switched  off,  the  emitting  hom  played  the  role 
of  the  cc'llector  in  a  completely  symmetrical  geometry, 
and  the  radiation  process  did  not  even  start.  Observa¬ 
tions  of  backvseattered  electrons  by  sensitive  films^^ 
showed  that  ,\inl ike  the  first  case,  the  enclossed  ring  of 
relativistic  electrons  bombarded  the  rippled  walls  of 
BWO.  And  oijir  preliminary  studies  broioght  out  clearly 


that  100  ns  were  not  sufficient  for  collector  plasma  to  .spoil  the 


device . 


To  eliminate  the  backscattered  electrons  completely,  the  method  of 
spatial  separation  of  the  direct  and  the  backs treaming  electron  fluxes 

5 

was  proposed.  It  uses  the  proper-cy  of  electrons  to  drift  in  an  inliomoge- 
neous  (curved)  magnetic  field  to  the  s£ime  side  irrespectively  to  their 
longitudinal  velocity.  To  achieve  the  separation  it  is  necessary  to  bend 
the  direct  beam  in  the  collector  chamber.  We  implemented  this  method 
turning  the  beam  thro\.?gh  angle  of  1C  in  magnetic  field  of  0.1  T. 
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100  ns 


Baoksoattered  electrons  disappeared  from  the  slow-wave 
sl'^^^'^t'ure ,  but  nevertheless  the  radiation  process 
terminated  before  the  end  of  REB  current .  Now  only 
direct  particles  could  be  responsible  for  this  break¬ 
down.  producing  plasma  layer  on  the  walls  and  provid¬ 
ing  the  mechanism  of  plasma  accumulation  in  microwave 
field.  This  conclusion  is  supported  by  the  following. 

A  TM02  BWO  (carsinotron)  was  in  use,  based  on 
well-known  cyclotron  mode  selection.  This  meant  that 
due  to  finite  thickness  of  hollow  REB  electron  cyclo¬ 
tron  frequency  Q/7  (7  -  relativistic  factor i  should  be 
a  little  (up  to  30%)  greater  than  microwave  frequency 
with  Dopipler  shift:  CO— J?U.  Absorbing  energy  of  micro- 
waves,  relativistic  electrons  Increased  their  7.  Achi¬ 
eving  the  resonance,  and  if  the  initial  phase  was 
appropriate,  electrons  flew  to  the  walls,  p>romoting 
plasma  creation.  Total  amount  of  siich  "wasted"  partic¬ 
les  depends  on  different  reasons,  but  first  of  all  - 
on  the  initial  values  of  the  two  frequencies.  The  more 
close  they  were  to  each  other,  the  more  particles 
occurred  in  these  conditions,  as  was  seen  in  our  nume¬ 
rical  .simulations.  And  the  experiment  showed  that  Q/7 
being  risen  up  from  OJ— both  microwave  power  and 
pulse  duration  Increased  from  zero  level.  The  latter 
can  not  be  explained  only  by  microwave  discharge 
development . 


J 


300  ns 


J 


500  ns 


The  described  experiments  prove,  we  believe,  that 
in  absence  of  all  the  deleted  reasons  for  plasma  appe¬ 
arance  mentioned  above,  the  two— stage  model  of  micro¬ 
wave  breakdown  does  take  place:  first  pla.sma  "screen" 
is  produced  by  wasted  electrons  of  direct  REB,  and  the 
following  plasma  accumulation  is  determined  by  micro¬ 
waves  with  strong  electric  field  on  the  wall.  The 
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Fig, 2. 


resonance  principle  of  the  devxce  operation  p>layed  its  negative  role, 
bxxt  the  value  of  microwave  power  of  -v  50  MW  was  comparatively  modest  as 
well.  To  depress  the  beam  deterioration  it  woxild  be  possible  to  use  e.g. 
TM01  carsinotron,  not  so  sensitive  to  magnetic  field  value.  But  it 

should  be  kept  in  mind  that  in  the  powerful  oscillator^  cxirrent  leakage 
to  the  walls  reached  10%,  so  it  would  be  hardly  po.ssible  to  prevent 
electron  bombardment  of  the  wall.s  compile tely  in  a  powerful  device . 

Much  more  promising  way  to  avoid  fast  breakdown  it  seems  to  be  the 
next  one.  An  axially-symmetrical  TE-typ.e  mode  of  a  circular  waveguide 
has  vanishing  component  of  electric  field  on  the  wall.  So  one  may  hope, 
that  initial  plasma,  created  by  relativistic  electrons  on  the  wall,  will 
not  have  sufficient  energy  supply.  Such  type  of  electromagnetic  wave  can 
be  generated  in  a  gyrotron,  for  example. 


Rigid  requirements  are  im.posed  by  a  gyrotron  upon  the  electron  beam 
quaj-ity.  Including  its  thickness.  Following  this  demand,  we  created  a 
(500  kV,  2  kA )  with  m  1  mm  thick  wall>s  in  a  steady— state 
magnetic  field.  Its  current  radial  profile  is  shown  in  Pig. 2.  As  for 
>  no.^  diaphragm  was  app>lied.  And  our  experience  in  design  of  Q— band 
gyrotron  witnesses,  that  the  problem  of  microsecond.  REB  generation 
with  helical  electron  trajectories  may  be  solved. 
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CONCLUSION 

The  results  of  present  investigation  may  be  suinmed  up  as  following. 
The  breakdown  of  microwave  radiation  in  a  powerful  oscillator  driven  by 
REB  is  determined  by  plasma  creation  Inside  the  vacuum  device.  Numerous 
reasons  for  plasma  appearance  exist,  overwhelming  majority  of  them  can 
be  eliminated.  On  the  base  of  experimental  data,  a  mechanism  of  intensi¬ 
ve  plasma  accumulation  is  proposed,  comprising  a  few  consequent  proces¬ 
ses. 

Pirst,  strong  microwave  field  causes  destruction  of  REB,  dispatch¬ 
ing  a  part  of  electrons  to  the  wall.  The  electron  bombardment  creates  a 
layer  of  plasma  on  the  surface.  This  plasma  screens  the  electrostatic 
field  of  electron  beam  space  charge,  that  initially  had  prevented  secon¬ 
dary  emission  electron  discharge  in  the  microwave  field.  The  discharge 
becomes  possible,  and  amount  of  plasma  increases  up  to  the  moment  of 
preliminary  termination  of  microwave  radiation,  e.i.  breakdown. 

It  is  difficult  (or  maybe  impossible)  to  avoid  electron  bombardment 
completely.  To  obviate  the  established  mechanism  of  plasma  accumulation 
it  is  proposed  to  use  an  axially- symmetrical  TE-type  mode  of  a  gyrotron. 
Electron  beams  with  invariant  geometry  are  available. 
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ABSTRACT 

Relativistir;  klystrcn  amplifiers  (RkA)  for  tte  linear  collider  usually  used  a 
iris  teite;d  wiw^iuidL  as  circuit  Ci:].  The  behavior 

el«:tro.r«)netic  waves  in  travelling  wave  (TW)  outpcit  BY^'c:da.,re  of 
klystrm  with,  electron  bt-ams  loading  h,ave  been  investigated,  the 

of  spctce-ctarqe  waves  of  el«:tran  be^.an)  aid  electronragnetic  waves  of  TW  struct^e 
«re  studi«i  and  inc«.t  of  radiation  gain  of  Ws  ceU  deteroi,^. 

Longitudinal  and  transversal  distritirtions  of  electron  wave  EM  fields  and  their 
effect  on  T'W  circuit  cliarc«::teristics  tens  been  sliown. 

1.  INTRQEXJCTION 

A  future  linear  colliers  if  it  opeerate  at  X  Baind  will  require  a  mi™^ 

ra^sr  level  (rare  than  HXi  i-W.  The  conve^ntional  klystron  with  relativistic 
bem  formed  try  thermionic  cathiode  is  more  convenient  for  the  realization  ^ 

F?f”  Dower  level.  The  principal  probletn  are  in  outpiit  circuit.  To  avoid  the  ^tise 
L,S^rLhortoninq  anS  very  high  EM  fields  gradients,  interaoti^  cirruxt  ^ 

electron  b(-;a(n  (must  be  over  an  extended  space,  ratter  than  tte  traditeonal  gap 

or  double-tjap  cavity  at  RKA  1123.  Tte^  extended  ci.itput  circuit  nust  be  a^  mt.ilty-gap 
cavity  5  cotApl^'i^ap  cavity  or  s<..ip€?rdi(T)enticDnal  structure  j» 

Ttere  are  also  tte;  RkA  with  tte?  iris  locaded  cutfxtt  structi.ire  U3  'for  tte 

mdersti;r,ding  tte  physics  of  electranagnetic  and  electr<^  waves  as  tte 

first  step  is  the  study  of  structure  dispt?rsic:n  diagrcsm.  It  s  tte?  ^ 

mderstanding  the  EM  excitation,  parasitic  oscillations  ^  th^ 

output  circuit.  Ttet  princifjal  problem  can  be  studi€?d  theoretically  _  .  .  . . 

,netlx?ds  basted  ot  linear  tteior^.  It  includes  the  Luiearized  (motion  ^d 
eciuations  and  electrodyruMmic  prtescnr'iptior*  of  ele:«r:tro(ragnetic  fields  in  output 

circuit H 

(•Jt^lerkin's  (mettoi  I'tH-Ti  for  electn:?n  wave  «|uatimB  is  (mor'B  useful  «And  it  gives 
tl-«-  possibility  to  find  ttes  synchn:?nis(m  frec,uency  r-egions  and  tte?  interaction  ty^ 
of  eioitrf^.  and  tte  circuit  EM  modes,  can  be  determined  tte  gain  per 

a?  on.  Follcjws  we  ustxl  ttet  metiiod  for  RKA  aitpit  circuit  as  nonregular  pet  iodic 

w(;;vvec)uide  study . 
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2.  "n^DRY  PND  MDDELINQ 


Wg#  ttet  &>('bi»ndE?(::l  mtfxtt  circuit  e>!c::ited  by  tNe  se>ts  of  elec:tran  bunchies 

comes  from  ttie  RKA  btincfTer  (fig.i)  with  tfiej  parameters  of  electrm  beam:  bearn 
current  -■  La  =»  cW  A,  beaun  voltage  “■  Vo  ®  1  MV,  besun  radius  rt,  =  0.4  cm,  tfie 

fundarnentcsl  frequency  -  i4  GHz  Hi,'].  The  dispejrsion  diagram  of  electrai  waves  for  the 
output  circuit  a®  dia^pfiragm  waveguide  with  tte  follows  dimensions:  external  diatmeter’ 
•“  iiro  “  24.24  mm,  inner  diaphragm  diameter  ”■  .16  mm,  the  structure  period  d  =  5  (nm 

and  tte  diaphragm  thi,ckness  -■■■  2  mm  is  sficswn  on  fig. '2.  attp(..it  circuit  operates  on 
k=:d  /2  oseillattia'i  mode. 

The  real  dispersim  diagrawn  f^rt  (solid  line  on  fig.  2.)  is  responsible  for  the 
pfiase  shift  of  seketed  mode  <and  imaginary  part  gives  the  awnplification 

(attenuaticn)  vaxlue  S.6S6Im  k=,  d'  [dB/cell]  per  period  of  slow  wave  structure.  On 
tl"e  disfKjrsim  diagrcun  is  shown  the  interceptiai  region  of  "0"  and  "•■■-1"  spatial 
termcriics  of  relatesd  mcxie-s  £<>•■,  .  TTere  are  fr"ec|U€5ncy  reckons  in  which  interactim 
of  electi'-on  team  witl'i  tte  electrom<agnetic  fields  of  outpiut  circuit  are  pre^ient. 

In  lowf-jr  fr«ii.o')cy  region  may  te  possible  tte  TWT  interaaction  type  m  op«?rating 
freciuejncy  to  =  14  GHz.  te  tte  up|:.er  threshold  frequency  region  f‘‘='>th,  of  rnode  Eoi. 
will  be  i.nteraxcticri  +  SWBC  tyje  and  determined  ty  interaction  of  Ec>i. 

mole  of  diaphra^gm  w<aveguide  with  tie  slow  w<ave  of  spxace  ■  charge  (SWSC)  of  electron 


In  tf'ircsteld  re<;}.iCTt  of  dispersim  diagram  f  <  will  be  interaxction  SWSC 

+•  FWSC  type  which  couplte  with  tte  interactioi  of  fast  wave  (FWSC)  and  slow  wave 
of  sfMce-cd'tiarge  of  elcojctron  beam.  The  same  Bituaatiort  are  axt  slow  waave  structure 
axB  wave(:)uidef  with  the  partial  dielectric  fill.ing  and  called  by  low 
fre-qutsrtcy  Cterwikcjv's  instability  [,72. 

In  the  upper  fr«-jqi.,«Hicy  range  ttere  are  KM.!  interaxction  regims.  As  thie? 
■frequtsncy  sp^ectrcm  of  electron  bunctes  usuaslly  haas  the  intesnse  amplitudes  of  second 
”  2fo  atfid  third  -  3f.:>  fundamental  current  hxaxrditanics,  the  design  of  output  circuit 
must  te  (XI t  off  thiat  interactiai  region. 

Thie  different  eksctr-on  waives  tr.ansve?rsal  distribution  which  will  be  excited  in 
<x(tp(..(t  circuit  a"t  fundamental  frecpu(2ncy  14  GHz  is  shiown  on  fig.  3  a-c.  The  opxerating 
frequency  axre  in  fWf  intejraction  res(gi(xi.  te  fig...':.'a  ttere  are  transve^rEiaxl  structure 
of  ccxipkjd  electron  waves  SWSC  E‘‘"'h.-.)a.  in  diaphragm  cross-"sect.ton.  The 
traansversaxl  distritxjtion  structure  of  FWSC  and  -'-•••1"  spjatial  harmonic  of  mole 

is  shTown  oi  fig. 3b  a-id  fig. 3c  respectively.  Tte  transtversaal  distribut.ion  of 

tte  lorxgitudinal  ccmpxximt  of  el«::tric  field  of  "O"  spatial  termonic  of 

Eo.t,  (node  slighttly  differ  from  tliat  (on  fig. 3c.  Tte  beam  loiading  gives  a  distort.t(3n 
of  transiversal  field  o'f  "0"  spjatial  harmonics  and  exciting  tte  operating  mtee  SWSC 
+  E<‘''>oa,  with  a  transversal  field  distribi,tt.im  like  slxvjn  on  f.ig.  3a. 

The  lj.near  tliesory  permit  us  to  esitimate  the  value  of  elesctric  field  strength. 
'Fte  cakulations  were  imde  for  thie?  pxDssitale  W/.  R'kA  overall  efficiency  it  gives  tte 
Ite  MW  HF  px;)Wf2r  level.  It  w<asi  tiSitimtate  also  thie  maxifxim  of  longitudinal  and 

transversal  ccmpxnarhs  of  elcsctric  fields  tetw(isen  tte  diapjfiragms  which  tes  a  valuw 
equal (iiid  Er-  a.)!  kV/cm  and  E...  ™  247  kV/cm. 
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i!ii?  eka::t.r'W(c:«3netic  energy  di.strit)ution  for  the  RK/'i  extended 

cxitput  circuit  are  on  fig,  5  for  tN2  sl-iape  shown  o'l  fig. 4.  TI"k;s  excitation  of  oi.ttp(,it 
Etr-ucture  was  Isy  sine-sl-iap-jd  velocity  mxlulatesd  eksctron  beram.  On  fig. 5  tte 
.i.s  the  energy  flow  triinismitted  by  waves  downstrean  to  energy  extract  and  S^"”> 
t©  if'©  is'vifwifi©  ©f  circuit  n  so  S  +3^"’  ,  TNs?  energy 

flows  distril:x,ttion  between  the  neighborhood  diaphragms  laaks  like  tfiat  in 
k 1 ystron  cavi ties . 

Tie  lorigitudinal  diBtrib(..ttion  of  alternating  ccxnportent  of  cortvecticsnal  current 
for  linear  i-egime  calculations  is  slicDwn  on  fig. 6.  Tl-ie  curve  maximtun  in  linear  regime 
comes  fran  tl©  taking  into  accoi.int  tie  botridary  conditions  can  tlie  ends  of  slcaw  wave 
structure. 

For  tlie?  testing  caf  linea^r  theory  tlie  "cold"  neasurements  caf  cxitput  circuit  in 
several  points  of  dispersican  diagraon  was  made.  Tlae?  r"esults  of  compariiscan  are  on 
table  i. 


Table  1. 


j  Gusci  nation 

1  flfKxJe 

Mc3aiiiit.tred 
wavelength,  cm 

Calculated 
wavelength,  cm 

1  %  /2 

1.869 

1.860 

1  ” 

Inttuuv.unuvnmuit»iiutw4utt»t*.utn;n)uit»iuti:uiuuiutun 

1.&39 

1.512 
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Measlirement  of  specti'x.im  and  power  of  microwave  radiation 
from  relativistic  plasma  microwave  oscillator 
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ABSTRACT 

Experimentally  studied  microwave  radiation  from  plasma  waveguide 
when  relativistic  electron  beam  (  600  keV ,  2-5-4  kA,  100  ns  )  propagate 

axially  the  plasma  waveguide.  Spect2?um  of  microwave  radiation  was  measu¬ 
red  by  multi  resonator  spectrometer  power  was  measured  by  broadband 
calorimeter.  The  calorimeter  measured  the  total  microwave  energy  emitted 
from  output  horn.  Emitting  microwave  power  strongly  depended  on  plasma 
density,  interaction  length  and  gap  between  eormular  tube  beam  and  annu¬ 
lar  tube  plasma  colijmn.  Spectrum  of  radiation  was  <v  50%. 

1 .INTRODUCTION 

Plasma  microwave  electronics  devices  differ  from  the  vacuum  ones  by 
the  presence  in  their  electrodynamics  systems  the  sufficiently  dense 
plasma!  The  plasma  avails  to  achieve  the  electron  beam  currents  beyond  a 
limit  current  in  vacuum.  The  plasma  provides  slowing  of  electromagnetic 
waves,  which  allows  the  fulfillment  the  Cherenkov  resonance  between  the 
beam  electrons  and  some  eigen  mode  of  electromagnetic  waves  in  such 
devices.  As  a  result  in  the  devices  of  plasma  microwave  electronics  a 
possibility  appears  of  utilization  of  beam  currents  higher  than  in 
corresponding  vacuum  mici-'owave  devices  and  the  attainment  more  high 
radiation  power  levels  in  the  more  compact  geometry. 

2^  EXPERIMENTAL  RESULTS 

The  annular  REB  produced  by  the  "Terek— 3"  accelerator  with  an  ener¬ 
gy  E  =  550-650keV,  beam  current  -  2,  3,  AkA  and  pulse  dijtration  lOOnS 
is  injected  into  cylindrical  wavegij.ide  of  the  radius  R  =  1  .8  Cffl.  The 

main  radius  of  the  beam  r^=  0.6Cm  and  the  thickness  A^=  O.icm.  The  mag¬ 
nitude  of  guiding  external  magnetic  field  Rq=  2ir.  In  the  Pig.1  a  schema¬ 
tic  diagram  of  the  experimental  apparatus  is  shown.  The  REB  is  emitted 
by  cathode  K  and  accelerated  in  the  vacuijm  diode .  Then  it  propagates 
through  the  waveguide  2  and  reaches  the  graphite  collector  6.  The  preli¬ 
minary  plasma  is  produced  by  the  low  energy  electron  beam  with  energy 
60087  end  current  ^  1 OOA  ,  which  ionizes  the  neutral  gas  in  the  wavegui¬ 
de  (Ke  at  P  =  2»10'”^Tor).  The  time  of  the  plasma  density  increasing  is 
■]  0-1 5ms,  the  thickness  of  plasma  layer  0.1  Cffl,  the  mean  radius  is 

varied  T  =  0.8  and  0.9Cffl  and  density  lO^^Cffl  ^  ^  Tl  ^*10^'^ Cffl 
P  P 

iuxperiment  had  two  stages. 

-  A  measijirement  of  output  microwave  power  by  a  powerful  semiconductor 
detector,  operating  on  "hot  carriers"  at  the  room  temperatiure .  The  de- 
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teotor  had  following  parameters:  the  frequency  band  /  =  i8-^A)GHz  and 
the  range  of  the  measiu'ed  power  10^200  kW.  This  detector  received  ~ 
1/400  part  of  the  output  radiation.  Measiirements  were  performed  for 
above  parameters  of  beam  and  plasma.  The  interactions  lengths  L  were  13, 
20,  25  and  SOCffl. 


-  A  measurement  of  the  total  power  and  spectrum  of  the  radiation  for 
optimal  parameters  with  maximijm  of  the  radiated  power.  The  total  power 
was  measured  using  a  calorimeter  with  a  large  cross-section,  which  over- 
laped  the  whole  area  of  the  horn.  The  calorimeter  absorption  coefficient 
was  about  90%.  in  the  frequency  range  from  4  to  more  than  30  GHz.  A 
sensitivity  of  the  calorimeter  was  about  0.05J.  The  spectri-im  of  the  ra¬ 
diation  was  measured  by  5-channel  wide-band  spectroanalyser .  The  fre¬ 
quency  values  were  8,10.4,12.7,15  and  17.3  GHz.  The  band  of  each  channel 
was  <*>  1 0% . 


Now  we  discuss  some  results  of  a  first  stage. 

-  1  .  A  microwave  power  was  practically  absent  {  less  than  1  MW)  at 
L  =  13CffZ  for  all  above  written  parameters. 


-  2.  At  L  =  20,25  and  SOCffl  was  obtained  a  dependence  of  the  radiated 
power  on  72  ^  about  the  same  for  all  values  of  the  beam  cxjrrents  X^and 

r  .  If  72  ^2*10^^0777  the  radiated  power  did  not  exist;  if  72  ^2*10^^0777”"^ 

^  ^  ^13-3 

the  radiated  power  increased  while  the  72  increased  to  value  2*  10  0777  , 

P  14  -3 

then  the  power  decreased  with  the  increasing  72  up  to  4*10  0777  '  ,  The  ra- 

P 

diated  microwave  power  depended  on  the  beam  ciorrent ,  the  plasma  radius 


and  did  not  depend  on  the  length  of  the  plasma  waveguide,  if  the  lengths 
were  20,25  and  300777.  If  the  beam  o\Jirrent  was  equal  to  SUA,  the  power  was 
maximum.  With  decreasing  plasma  radius  the  power  increased.  The  highest 
microwave  power  took  place  at  following  parameters;  I^=  3kA,  7’_=0. 80777, 

3 

T-^  j  »  parameters 


L  =  250777  and  72  about  10^^0777 
P 


It  was  this  set  of 
ments  of  microwave  radiation  characteristics  were  performed.. 


P 

measure- 


The  results  of  the  second  stage.  For  more  precise  measurement  of 
the  whole  microwave  power  we  used  an  energy  calorimeter  with  big 
crossection,  which  overlaped  whole  areas  of  the  horn.  Simultaneously  we 
measured  the  time  dependence  of  microwave  radiation  pulse,  which  allowed 
us  to  define  the  power.  The  results  of  such  measurements  are  presented 
in  the  Pig. 2.  It  is  seen  that  the  band  of  72^  ,  in  which  the  generation 

takes  place  is  2*10^^0777  ^  ^  72  ^  7*  10^'^ 0777  The  radiation  power  reaches 

P  -13  _3 

the  maxlmTjun  value  ^  350MW  at  72  =  2  *  1  0  0777  ,  which  corresponds  to  the 

P 

radiation  efficiency  20%. 


The  results  of  spectral  measurements  of  14  shots  are  presented  in 
the  Fig. 3.  Here  the  vertical  lines  are  signals  from  spectroanalyzer 
channels.  At  the  left  of  the  spectral  lines  set  are  written  the  radiated 

_3 

power  in  MW  and  plasma  density  in  0777  for  every  shot.  From  the  Pig. 3  it 
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Figure  3. 


is  seen  that  the  nadiation  frequency  band  is  below  SGhz  nean  the  Hr  - 

tlrreshold  of  generation.  Increasing  71  shifts  the  spectrum  to  more  high 

1 3  —3^ 

frequencies.  At  71^  about  1-5-2»10  Cm  the  spectrum  covers  all  frequency 


band  of  our  spectranalyser  practically  unifonnly.  At  the  high  plasma 
density  the  radiation  spectrum,  is  higher  the  band  of  spectranalizer . 
Under  the  optimum  conditions  of  wave  excitation  iU  =  SOOkOV ,  I,=  3kA, 

13  —3 

r  =  O.eCTTl,  L  =  25C7n  and  H  2  *  1 0  Cm  '~  )  the  relative  frequency  width  is 
p  P 

of  the  order  of  A///  ^  0.5,  radiation  spectrijm  extends  from  6GHz  up  to 
20GHz  and  the  whole  radiation  power  achives  200-5-250MW . 


3.  COMPARISON  OF  EXPERIMENTS  WITH  ITOMERICAL  SIMULATION 


In  the  steady-state  model  the  microwave  radiation  power  in  the 
output  of  the  system  was  calculated  as  a  function  of  the  wave  frequency 

2  3  4 

for  several  values  of  plasma  density.*  *  Input  parameters  sucn  as  wave 
frequency  /,  power  and  radial  structure  of  the  excitation  mode  )  are 

given.  All  calculations  were  done  at  i?  =  1  ,8G7fl  and  P  =0.90771,  T.  =  0.550771, 

ir 

U  =  0.512^07,  L  =  30077).,  I.  =  3.2kA,  which  are  close  to  experiment.  In  the 

D 

Pig. 4  the  dependences  of  the  quantity  (  the  linear  power  amplification  ) 
lOZgP  /P  =  K  are  presented  as  a  function  of  /  for  several  values  of 
n  {  1  -  n  =  3.3»io^^cm“^,  2  -  7.5»io^^.  3  -  1.33»10^'^.  4  -  2.1 5- 

p  p 
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Figure  4. 


4. 1*10^'^,  6  -  8.3»10^^C??l  .  We  see  that  the  band  of  amplified  frequen¬ 

cies  increases  with  increasing  .  The  power  amplification  increases  al¬ 
so,  while  n  ^  2»10^'^CW2  then  it  drops  with  increasing  n  .  Up  to  ?2  = 

1 3  —3  ^  P  P 

2»10  CM  there  is  a  wide  band  amplification  in  a  frequency  range  0^^ 

^  /jjjax  ’  ^p  ^  4»10^§?7Z  ^the  amplification  exists  only  in  the  high 

frequency  range  ^  f  ^  •^mai  shown  in  the  Fig.  4.  In  the  non¬ 
linear  and  steady-state  model  the  highest  output  power  ASOMW  was 

obtained  at  follows  parameters:  J,  =  3.2kA,  R  =  ^  .BCM,  T  =  0.9CM,  r,= 

^  P  b 

=  0.55Cm.  L  =  25cm  and  Tl  =  1  .7*10  Cm  and  for  /  =  12.4GH2  and  P.=  20M. 

p  ''in 

In  conclusion  let  us  note  that  a  wideband  relativistic  plasma  mic¬ 
rowave  oscillator  was  realized.  A  radiated  frequency  band  corresponds  to 
calculated  one  for  linear  and,  presijunably ,  for  nonlinear  amplification 
coefficient.  It  means  that  a  system  emits  the  radiation  of  all  frequen¬ 
cies,  for  which  it  has  a  ability  to  amplify.  The  reason  is  that  such  a 
amplifier  has  a  big  linear  amplification  coefficient  -  60(2B  and  a  nonli¬ 
near  optimal  one  substantially  below  -  30(5B , 

The  authors  wish  to  thank  prof . A. A .Rukhadze  and  prof .P . S . Strelkov 
for  helpful  discussions  throughout  the  coijirse  of  this  investigation. 
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ABSTRACT 


Physics  processes  in  multiwave  microwave  devices  are  discussed.  One  of  the  important  peculiarities  of  high- 
power  microwave  devices  is  multiwave  interaction  between  electron  beam  and  electromagnetic  field.  Multiwave 
interaction  effects  are  illustrated  for  well-known  microwave  devices  such  as  multiwave  Cerenkov's  and  diffraction 
generators. 


1.  INTRODUCTION 

Main  goal  of  relativistic  microwave  electronics  is  enhancement  of  coherent  output  radiation  power.  This 
problem  can  be  solved  by  using  high-current  electron  beams  or  by  optimization  of  efficiency  of  electron  beam  energy 
transformation  to  coherent  electromagnetic  radiation.  The  spatial  development  of  electrodynamic  structure  is  required 
in  both  cases  as  well  in  perpendicular  direction  for  limiting  current  increasing  as  tapering  in  longitudinal  direction  for 
interaction  between  electron  beam  and  electromagnetic  field  optimization.  There  are  two  known  ways  haw  to  provide 
effective  interaction.  First,  we  select  one  eigenmode  of  electrodynamic  structure  and  provide  interaction  with  this 
eigenmode  only.  Second,  to  escape  mode  selection  and  to  provide  electron  beam  interaction  whh  a  number  of 
eigenmodes  at  the  same  frequency.  We  are  interesting  in  second  type  of  interaction.  The  single  mode  interaction  based 

on  usual  induced  radiation  but  multiwave  interaction  based  on  Rayleigh  scattering  . 


2.  BASIC  DEFINITIONS  AND  ASSUMPTIONS 


We  defined  multiwave  interaction  as 
interaction  between  electron  beam  and  a  set  of 
eigenmodes  of  electrodynamic  structure  at  certain 
frequency  co.  We  assume  those  eigenmodes  satisfy 
Maxwell's  equations  and  boundary  conditions  on  | 
electrodynamic  structure  surface.  This  definition  is  ^ 
clear  for  amplifiers  and  can  be  extended  to  ^ 
oscillators.  In  oscillator's  case  we  name  processes  | 
with  a  number  of  resonator's  eigenmodes  at  certain 
frequency  co  that  ocxurred  as  a  result  of  interaction 
between  electron  beam  and  eigenmodes,  see  as  an 
illustration  figure  1,  where  spectra  of  resonator's 
eigenmodes  are  plotted  and  1,2, 3, 4  correspondent  to 
different  eigenmodes.  It  is  necessary  to  stress  that 
the  identical  synchronism  conditions  are  assumed 


Normalized  frequency 
Fig.  1 
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for  all  eigenmodes.  For  example,  there  are  eigenmodes  of  periodical  electrodynamic  structure  with  set  of  longitudinal 
wavenumbers  ,  where  i  is  number  of  eigenmode.  The  different  spatial  harmonics  with  number  n  are  able  to 

provide  Cerenkov  or  cyclotron  synchronism.  We  can  summarize  synchronism  conditions  for  multiwave  interaction  as: 


^^min 


L 


-'"y  A.ax^ 


(1) 


where  are  miniinal  and  maximum  value  of  detuning.,  d  is  period  of  structure,  0)^  is  cyclotron  frequency, 

is  longitudinal  velocity  of  electrons,  L  is  length  of  interaction  region,  m  —  0,±\,  ±2,  =  0,  ±1,  ±2, ...  -  are 

possible  values  of  indexes  for  different  kind  of  synchronism  conditions,  m,n-  should  be  constant  for  all 
eigenfunctions  involved  in  multiwave  interaction. 


It  is  necessary  to  remark  that  we  should  to  use  different  definitions  for  and  , .  in  low  efficiency  and  high 
efficiency  cases.  In  the  simplest  case  of  low  efficiency  (low  signal  approximation)  when  : 


max|AvJ«v,_o, 

0<z<L 


(2) 


the  synchronism  conditions  are  the  simplest  and  set  of  interacting  eigenfunctions  can  be  found  from  initial  parameters. 
In  high-efficiency  case  Av^  and  eigenmodes  with  different  from  set  of  k^  found  from  initial  parameters  will 
be  able  to  interact  with  electron  beam  under  the  same  synchronism  conditions. 

There  are  different  approaches  for  multiwave  interaction  theoretical  description.  The  rigorous  solution  of  this 
problem  includes  Maxwelfs  equation  and  equation  of  motion  simultaneous  solution.  However,  usually  it  is  more  simply 
to  use  formalism  based  on  coherent  electron  bunches  radiation.  It  is  convenient  to  use  electromagnetic  field 
representation  as  sum  of  eigenmodes  synchronous  with  electron  beam.  For  amplifier's  model  the  direct  solution  of 
Maxwell's  equations  at  certain  frequency  co  is  useful.  There  are  exact  solutions  of  Maxwell's  equations  for  diffraction 
problems  too.  For  non-stationaiy  models  of  multiwave  interaction  we  can  select  the  processes  that  provide  coherent 
radiation  at  cd  frequency.  There  are  non-stationary  solutions  refer  to  mode  competition,  stochastic  oscillations,  etc.  We 
are  not  interesting  in  this  kind  of  solutions  here.  We  can  use  the  peculiarities  of  electron  bunch  coherent  radiation  for 
multiwave  devices  designing  and  parasitic  generation  suppression.  The  multiwave  devices  efficiency  is  higher  than 
efficiency  of  common  relativistic  devices.  It  is  can  be  explained  easily;  when  electrons  go  out  interaction  under  one 
mode  synchronism  condition  they  will  interact  with  different  mode  under  similar  synchronism  condition.  We  will 
discuss  some  examples  of  high-current  devices  based  on  multiwave  interaction. 


3.  MULTIWAVE  CERENKOV  GENERATOR 


,  2 

Multiwave  Cerenkov  generator  (MWCG)  is  typical  example  of  multiwave  high-current  devices.  High  output 
power  MWCG  can  be  based  on  electron  beam  with  high  electron's  energy  ( 1-2  MeV)  and  high  current  ( tens  kA). 
High  operating  current  requires  a  high  transverse  size  of  hollow  cylindrical  beam.  Therefore,  the  following  conditions 
are  common  for  MWCG: 


D»  1,L~  D,  (3) 

where  D—  is  diameter,  Z—  is  length  of  MWCG  electrodynamic  structure,  moderate  value  of  electron's  energy 
3 -5-4)  is  reason  for  the  second  condition.  The  MWCG  electrodynamic  system  consists  on  two  sections  of 
overmode  corrugated  waveguide  and  smooth  walled  drift  section  separating  these  two  sections.  There  are  a  number  of 
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axially  symmetrical  and  non-symmetrical  modes  of  this  structure  with  longitudinal  wavenumber  satisfied  to  Cerenkov 
synchronism  condition.  The  distance  between  longitudinal  wavenumbers  of  two  nearest  modes  {k^  .  -  ,_i )  is  smaller 


than 


n 

?~L 


under  conditions: 


I  <0.1 


(4) 


The  factor  0. 1  will  increase  up  to  one  if  we  will  take  into  account  both  symmetric  and  non-symmetric  modes.  It  is  mean 
that  interaction  between  electron  beam  and  electromagnetic  field  in  MWCG  is  always  multi  wave. 


The  electrodynamic  structure  of  MWCG  is  open  system  with  high  diffraction  losses.  Numerical  simulation  of 
MWCG^’^  shown  that  transverse  distribution  of  electromagnetic  field  is  changed  along  longitudinal  axis.  This 
dependence  of  transverse  and  longitudinal  distributions  of  electromagnetic  field  along  longitudinal  axis  is  due  to 
electron  beam  loading.  Electromagnetic  field  in  this  case  can  not  be  represent  as  single  eigenmode  of  periodically 
corrugated  waveguide  or  eigenmode  of  open  resonator.  Experimentally  measured  directivity  diagram  of  MWCG  output 
radiation^’^  was  essentially  different  from  certain  eigenmode  directivity  diagram.  However,  spectrum  of  MWCG 

4 

output  radiation  is  monochromatic  with  0.5%  accuracy  . 


4.  MULTIWAVE  DIFFRACTION  INTERACTION 


2  5* 

Physical  processes  in  microwave  devices  based  on  Smith-Purcell  (diffraction)  radiation  ’  is  more  complicate 
than  in  MWCG.  The  main  reason  is  simultaneous  excitation  of  volume  and  surface  component  of  electromagnetic  field. 
Amplitudes  of  surface  and  volume  electromagnetic  field  components  are  changed  versus  frequency.  The  most  sufficient 
changes  occur  near  resonant  frequencies.  There  is  resonance  near  Wood's  anomalies  conditions: 

^  =  ,  (5) 

1  l+P, 

where  is  absolute  value  of  spatial  harmonic  number,  and  near  internal  type  resonance  of  periodic  structure: 

(6) 

X  2 

these  two  resonant  wavelengths  are  approximately  equal  for  relativistic  electron  beams. 


Peculiarities  of  electromagnetic  field  in  open  periodical  structures  can  be  illustrated  by  electromagnetic  field 
in  open  structure  consist  on  N  circular  cylinders  infinitely  long  in  perpendicular  direction.  This  electrodynamic 
structure  is  excited  by  pre  bunched  at  frequency  a  electron  beam.  Integral  equation's  technique  is  used  : 

^tim  +  ^\GiP,Q)ii(Q)dQ  =  u„(P),  (7) 

2 

where  S-  are  surfaces  of  cylinders,  u{P),%{P)-  surface  current  distribution  and  exciting  current,  G(p,Q)- 
scalar  Green's  function.  We  assumed  amplitude  of  electron  beam  bunching  constant  and  calculate  by  using  Green's 
fimction  electromagnetic  field  near  surface,  because  this  part  of  electromagnetic  field  provides  interaction  with  electron 
beam.  Sufficient  increasing  of  elecromagnetic  field  amplitude  is  obtained  at  frequencies  correspondent  to  resonance 
conditions  (5),(6)  for  infinitely  long  periodic  structure.  The  most  important  difference  between  eleetromagnetic  fields  in 
infinitely  long  structure  and  finite  length  structure  is  continuous  spectrum  of  longitudinal  wavenumbers  for  finite 
structure  against  discrete  for  infinitely  long.  In  case  of  finite  length  structure  we  should  to  take  into  account  a  set  of 
planar  waves  or  continues  spectrum  of  planar  waves.  The  calculated  spectrum  of  electromagnetic  field  near  structure  is 
presented  on  figure  2.  The  spectral  distribution  of  surface  and  volume  components  of  electromagnetic  field  are  different. 
The  bandwidth  of  wavenumbers  is  dependent  not  only  on  number  of  cylinders  but  on  cylinder's  radius,  ratio  of  operating 
frequency  to  resonant  frequency.  It  is  necessary  to  remark  that  bandwidth  Q  near  resonance  is  greater  than  1/  N 

to  24-5  times.  Parameters  of  electrodynamic  structure  correspond  to  surface  wave  excitation  for  infinitely  long  structure. 
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but  there  is  volume  electromagnetic  field  in  finite  length 
structure.  The  main  part  of  volume  field  is  radiated  to 
directions  located  near  direction  of  electron  beam 
propagation  and  opposite  direction. 

All  these  resonant  effects  exist  in  corrugated 
overmode  waveguide  sections  used  as  electrodynamic 
structure  of  relativistic  diffraction  generators.  In  this  case 
quality  factor  Q  decrease  sufficiently,  up  to  10^  times  due 
to  near-axis  radiation.  The  directivity  diagram  is  formed  by 
direct  radiation  from  corrugated  surface  to  free  space  what  is 
very  different  from  usual  eigenmodes  radiation.  The 
experimental  measurements  of  diffraction  generator’s 
radiation  directivity  diagram  shown  that  the  direction  of 
maximum  radiation  is  different  from  direction  of  maximum 
radiation  for  any  eigenmode  of  electrodymanic  structure. 
This  direction  is  correspondent  to  direction  of  maximum  radii 


finite  length  periodic  structure. 
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A  400  kV,  400  A  microsecond  electron  accelerator  with  a  hot  cathode 
N.I.Zaitsev,  E.V.Ilyakov,  G.S.Korablyov,  I.S.Kulagin 
Institute  of  Applied  Physics,  Nizhny  Novgorod,  Russia 

The  description  of  an  electron  accelerator  of  microsecond  pulse  duration  and  the  results  of 
experiments  with  a  relativistic  carcinotron  and  a  gyrotron,  carried  out  on  its  base,  is  submitted  in  the  report. 

A  three-electrode  magnetron-injection  gun^  forms  a  hollow  electron  beam  either  with  rectilinear 
or  with  helical  trajectories  of  electrons,  depending  on  magnitude  and  configuration  of  the  magnetic  field  and 
also  on  potential  distribution  at  the  electrodes.  Configuration  of  the  gun  electrodes  is  shown  in  Fig.  1.  The 
electron  beam  diameter  is  in  the  range  of  10-40  mm  at  the  wall  thickness  being  in  the  range  of  1-4  mm 
respectively.  A  relatively  low-temperature  barium-aluminate  cathode  maintaining  the  emission  current  density 
to  be  not  less  than  10  A/cm^  at  the  heating  temperature  of  1150  °C,  is  used.  The  scheme  of  the  accelerator  is 
shown  in  Fig.  2.  The  cathode  heating  is  carried  out  by  a  heater  which  is  fed  by  a  transformer  with  a  secondary 
winding  being  one  turn  of  a  high-voltage  cable  with  500  kV  insulation.  The  secondary  winding  passes  through 
10  toroid  cores  with  primary  windings  connected  in  parallel.  Heating  power  is  controlled  by  varying  the 
repetition  rate  of  pulses  from  a  special  oscillator-^  The  nominal  heating  power  of  the  cathode  with  an 
emitting  belt  diameter  of  100  mm  accounts  for  1.2  kW. 


Fig.  1.  Configuration  of  gun  electrodes 


Mutual  disposition  of  the  gun  electrodes  is  fixed  by  a  sectioned  insulator  that  consists  of 
alternating  aluminium  and  porcelain  rings.  Electric  potential  is  distributed  along  the  insulator  sections  by  a 
resistive  divider  with  total  resistance  10  kt^. 
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The  vacuum  system  evacuation  up  to  pressure  of  the  order  of  10"^  mm  Hg  is  carried  out  by 
cryogetter  pumps. 

An  11-sectioned  Marx  generator  with  two-sectioned  forming  circuit  that  makes  pulse  flat-top 
inhomogeneity  to  be  no  more  than  1.5%^  is  used  as  a  high-voltage  source. 

Depending  on  forming  circuit  parameters,  the  accelerator  can  operate  in  two  regimes  with  the 
following  maximum  parameters: 


Fig.  2.  Scheme  of  the  accelerator:  1  -  cathode  insulator;  2  -  anode  insulator;  3  -  intermediate  anode;  4  - 
vacuum  casing;  5  -  cathode;  6  -  coUs;  7  -  valve;  8  -  drift  channel;  9  -  slow-wave  structure;  10  -  collector;  11  - 
window;  12  -  pipe  branch  for  pumping  out;  13  -  forming  line;  14  -  Marx  generator;  15  -  cathode-heating 

transformer 


1)  energy  of  electrons  300  keV,  current  300  A,  pulse  flat-top  duration  7  ps; 

2)  energy  of  electrons  400  keV,  current  400  A,  pulse  flat-top  duration  1  ps.  Beam  current  density 
reaches  350  A/cm^  in  the  latter  regime. 

The  investigation  of  a  beam  with  rectflinear  trajectories  of  electrons  has  shown  that  the  current- 
density  radial  distribution  was  close  to  a  right-angled  one  in  the  space-charge  current  limitation  regime 
(Fig.3).  These  measurements  were  carried  out  by  means  of  a  sectioned  collector  consisting  of  four  diaphragms 
with  sequentially  decreased  diameters  of  the  holes.  The  spread  m  longitudinal  velocities,  measured  by  the 
reflecting  potential  method  for  the  modeling  regime  did  not  exceed  2%. 
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Fig.  3.  Current  density  distribution  in  the  regime  of  space-charge  limitation  depending  on  radial  coordinate  at 

the  accelerating  voltage  of  115  kV. 


The  formed  rectflinear  beam  has  been  used  to  excite  a  relativistic  carcinotron  operating  at 
wavelength  of  6.5  cm  and  at  Eqi  mode.  For  beam  current  of  260  A  and  voltage  of  230  kV  one  has  obtained 
the  radiation  corresponding  in  its  pulsewidth  to  total  duration  of  the  high-voltage  pulse  and  having  pulse 
energy  60  J  (7  MW,  9-10  ps,  efficiency  12%).  This  microwave  pulse  is  shown  in  Fig.  4. 
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The  beam  with  helical  trajectories  of  electrons  has  been  used  to  excite  a  gyrotron  operating  at 
Hoi  mode  and  wavelength  of  1.5  cm  (this  gyrotron  was  counted  on  and  designed  by  an  lAP  employee 
S.V.Samsonov).  At  the  regime  of  200  kV,  17  A  one  has  obtained  radiation  of  power  of  1.2  MW,  efficiency  of 
35%  and  pulsewidth  corresponding  to  the  total  duration  of  a  high-voltage  pulse. 


U,  kV 


Fig.  4.  High-voltage  and  microwave  pulses  for  the  relativistic  carcinotron  experiment 


As  it  was  to  be  expected,  the  Hqi  mode,  that  is  free  from  electric  microwave  fields  at  the  cavity 
walls,  had  the  maximum  breakdown  strength  of  all  the  modes  that  can  be  excited  in  the  gyrotron  cavity. 
Further  output  power  increase  for  the  devices  of  both  types  has  resulted  in  shortening  of  the  radiation 
pulsewidth  owing  to  the  RF  breakdown. 
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ABSTRACT 

The  paper  presents  a  problem  of  radio-frequency  interference  (RFI)  generated  by  complex  high-voltage  insulating 
system,  i.e.  extinguishing  chamber  of  vacuum  interrupter.  A  typical  RFI  measurement  system  with  receiving  antenna  has 
been  used  to  investigate  prebreakdown  phenomena  in  the  extinguishing  chamber.  The  experimental  results  allow  to 
decide  whether  the  vacuum  chamber  may  be  a  source  of  RFI.  Moreover,  a  strong  relation  between  breakdown  voltage  and 
the  RFI  level  in  prebreakdown  stage  has  been  shown. 

1.  INTRODUCTION 

Radio-frequency  interference  (RFI)  is  a  term  for  short  pulse  voltage  and  current  oscillations.  RFI  may  propagate  in 
the  air  as  an  electromagnetic  wave  or  move  along  transmission  line  wires  as  a  current  wave.  In  this  case,  wires  act  as  a 
waveguide  and  as  a  transmitting  antenna.  RFI  may  be  singularly  troublesome.  In  particular  it  affects  the  quality  of  RTV 
reception  and  the  work  of  data  transmission  systems.  It  may  also  disturb  the  work  of  control  systems  and  the  work  of 
computer  equipment.  All  kinds  of  partial  discharges  in  solid  and  fluid  insulation,  corona  discharge,  microdischarges  in 
reduced— pressure  gas  insulation  and  in  vacuum  could  be  the  sources  of  potentially  very  strong  interference.  For  that 
reason,  the  work  voltage  of  a  high-voltage  device  ought  to  be  much  lower  than  the  voltage  at  which  partial  discharges 
occur.  The  RFI  generated  by  a  high-voltage  object  may  be  considered  an  unwanted  phenomenon,  to  be  reduced  or 
eliminated.  On  the  other  hand,  however,  the  RFI  is  a  useful  source  of  information  about  the  insulating  system,  since  the 
interference  results  from  different  kinds  of  partial  discharges.  In  general,  two  methods  of  measuring  interference  are 
used.  In  the  first,  a  system  of  receiving  antennas  is  used  to  measure  the  electromagnetic  field  of  interference  in  space.  In 
the  second  method,  the  voltage  drop  on  measuring  impedance  is  measured,  caused  by  the  interference  current  in  the  wire. 
The  first  method  allows  for  remote  measurement,  while  in  the  second  method  the  RFI  generating  object  must  be 
connected  with  a  RFI  meter.  In  open  space  only  the  first  method  is  used.  In  an  electromagnetic  insulated  lab  both 
methods  may  be  used  [1]. 

The  research  has  been  carried  out  for  the  extinguishing  chamber  of  a  vacuum  interrupter.  For  long  vacuum  gap  (over 
10  mm)  and  also  in  some  cases  for  interelectrode  distances  from  transient  area  (1  ...  10  mm),  the  most  characteristic 
prebreakdown  phenomena  are  microdischarges.  Microdischarges  appearing  in  vacuum  insulating  system  are  accompanied 
by  optical  effects,  x-rays,  electromagnetic  waves  and  pulses  of  current  in  an  external  circuit.  Measurements  of  the 
parameters  describing  phenomena  accompanying  microdischarges  render  possible  determination  of  microdischarges 
intensity.  In  this  paper  the  electromagnetic  field  of  RFI  generated  by  microdischarges  has  been  analysed.  A  typical  RFI 
measurement  system  via  antenna  has  been  used  to  investigate  prebreakdown  phenomena  in  the  extinguishing  chamber  for 
the  voltage  level  much  higher  than  the  rated  voltage.  On  the  other  hand,  the  RFI  has  been  also  investigated  for  rated 
voltage,  for  nominal  interelectrode  distance.  The  results  of  the  latter  experiment  allow  to  decide  whether  the 
extinguishing  chamber  of  the  vacuum  interrupter  may  be  a  source  of  RFI. 

2.  THE  EXPERIMENT 

The  interference  field  was  measured  by  an  analog  RFI  meter  (the  measuring  range  0.14-300  MHz,  voltage  range  0-120 
dB  where  0  dB  corresponds  \ol  mV).  The  RFI  meter  is  a  selective  microvoltmeter  yielding  the  quasi-peak  value  of  the 
input  voltage.  The  meter  was  used  to  measure  the  voltage  induced  in  the  measuring  antennas.  The  interference  level, 
measured  for  frequency  which  was  being  changed  in  a  continuous  way,  was  automatically  recorded  by  an  X-Y  recorder.  In 
general,  the  level  of  interference  generated  by  the  tested  objects  decreased  with  the  increase  in  the  measuring  frequency. 
Beyond  the  30  MHz  frequency  the  RFI  level  dropped  below  0  dB.  Therefore  the  investigations  were  conducted  for  the 
frequency  range  140kHz-30MHz. 

In  order  to  suppress  the  RFI  propagating  in  the  air,  the  test  room  was  specially  shielded.  The  walls,  floor  and  ceiling 
were  covered  by  a  i  mm  thick  steel  sheet,  which  ensured  the  suppressing  of  the  magnetic  component  of  the  interference 
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field.  Next,  all  surfaces  were  additionally  covered  by  0,1  mm  aluminum  foil,  in  order  to  improve  the  suppression  of  the 
electric  component  of  the  interference  field.  To  suppress  the  interference  current  in  the  supply  network  wires,  low-pass 
LC  filters  were  used,  while  the  RFI  meter  was  supplied  from  a  V-type  artificial  network.  Also,  only  30%  of  the  voltage 
range  of  the  100  kV  (rms),  50  Hz  test  transformer  was  used  to  ensure  an  appropriately  low  level  of  partial  discharges  in  the 
said  transformer  (about  0,05 pC)  [2], 

In  order  to  reduce  the  corona  discharge  in  the  high-voltage  part  of  the  measuring  system,  large  diameter  pipe  wires 
were  used,  and  electrodes  which  control  the  electric  field  distribution  were  placed  on  the  wire  connectors.  All  elements  of 
the  measuring  equipment  and  additional  equipment  were  carefully  one*-point  grounded  by  very  short  copper  wires  [3]. 

The  tested  object  was  the  extinguishing  chamber  of  a  vacuum  interrupter.  The  rated  voltage  of  the  chamber  was  12  kV, 
and  the  rated  current  was  630 A,  The  contacts  were  made  of  Cu-Cr  sinter  material.  The  nominal  distance  of  contacts  was 
12  mm,  but  there  was  possible  to  change  the  contacts  distance  from  0  to  14  mm  during  the  experiment.  In  the 
extinguishing  chamber,  for  high  enough  voltage  there  can  appear  various  kinds  of  partial  discharges,  between  open 
contacts,  on  the  outer  surface  of  the  insulating  envelope  (in  the  air)  and  on  its  inner  surface  (in  vacuum).  Partial 
discharges  are  one  of  the  causes  of  RFI. 

3.  RESULTS  OF  THE  EXPERIMENT 

The  experiment  was  conducted  by  measuring  the  voltage  induced  in  an  antenna  by  the  interference  electromagnetic 
wave.  The  wire  antenna  used  was  placed  0.5  m  away  from  the  tested  chamber.  Fig.l  shows  the  level  of  interference 
generated  by  the  extinguishing  chamber  for  frequency  ranging  between  0,1 ...  30  MHz,  The  interelectrode  distance  in  the 
chamber  was  6  mm  and  voltage  was  30  kV,  Fig.2  presents,  for  chosen  range  of  measuring  frequency,  the  level  of  RFI 
generated  by  investigated  object  and  additionally  the  level  of  RFI  produced  by  background.  The  level  of  the  latter 
interference  is  very  low  and  therefore  proves  that  the  test  room  and  the  measuring  system  were  well  prepared  for  the 
experiment.  The  high  level  of  interference  generated  by  the  extinguishing  chamber  is  due  to  the  fact  that  the  voltage  was 
2,5  times  higher  than  the  rated  voltage,  and  the  interelectrode  distance  2  times  shorter  than  the  rated  distance.  For 
nominal  rating,  i.e.  12  kV  voltage  and  12  mm  interelectrode  distance,  the  interference  generated  by  a  well  conditioned 
chamber  was  too  small  to  be  measured. 


f  EMHzt 


Fig,l,  The  level  of  RFI  generated  by  extinguishing  chamber  of  vacuum  interrupter  under  voltage  of  30  kV,  interelectrode 
distance  6  mm,  measuring  frequency  0,14 ...  30  MHz, 
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The  application  of  the  RFI  measurement  method  yields  valuable  information  about  the  state  of  a  high-voltage  system 
with  vacuum  insulation.  Electric  strength  is  a  very  important  quantity  characterizing  a  high-voltage  insulating  system. 
Electric  strength  in  vacuum,  however,  is  an  ambiguous  notion.  In  a  series  of  breakdowns,  almost  each  breakdown  occurs 
for  the  higher  voltage  value  than  previous  one.  The  conditioning  effect  is  observed.  The  electric  strength  measurement 
procedure  actually  changes  the  said  electric  strength  (Fig.3).  Therefore  other  quantities  characteristic  for  the 
prebreakdown  stage  are  needed,  such  that  there  is  a  definite  relationship  between  these  quantities  and  the  electric 
strength.  Moreover,  the  measurement  of  these  quantities  must  not  change  the  state  of  the  system  [4].  For  purpose  of  this 
research  as  prebreakdown  quantity  describing  the  insulating  system  state,  the  level  of  RFI  generated  by  a  vacuum  chamber 
under  preselected  voltage  in  prebreakdown  stage  has  been  chosen. 


Fig,2.  The  level  of  RFI  generated  by  background  (1)  and  the  vacuum  chamber  (2)  under  30kV,  interelectrode  distance  dmm, 
frequency  range  300 ...  850  kHz, 


Fig3,  The  level  of  RFI  generated  by  the  vacuum  chamber  at  frequency  180  kHz,  interelectrode  distance  6  mm,  characteristics 
before  first  breakdown  (1)  and  third  breakdown  (3), 
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Fig.4.  Relation  between  breakdown  voltage  Uh  [kVJ  and  the  level  L  [dBJofRFI generated  by  the  vacuum  chamber  in 
prebreakdown  stage  at  30  kV,  measuring  frequency  180  kHz,  interelectrode  gap  6  mm 

b  =  3.27  10^  L  at  r^  =  0.62 

The  experiment  shows  that  there  exists  a  relation  between  breakdown  voltage  in  vacuum  and  the  RFI  level  in 
prebreakdown  stage  (Fig.4).  The  big  value  of  the  determination  coefficient  proves  the  existence  of  a  close  relation  of  the 
breakdown  voltage  to  the  RFI  level  in  prebreakdown  stage.  Therefore  it  may  be  expected  that  the  measurement  of  the 
RFI  level  in  the  extinguishing  vacuum  chamber  will  allow  to  predict  the  breakdown  voltage.  Moreover,  there  is  a 
possibility  of  a  distant  reading  of  the  measurement  results,  without  connecting  the  tested  object  to  the  measuring  system. 
This  is  an  additional  advantage  of  the  measuring  procedure. 

4.  CONCLUSIONS 

The  investigations  of  the  RFI  generated  by  the  extinguishing  chamber  of  the  vacuum  interrupter  yielded  the  following 
results:  (i)  For  zero  current  and  for  open  contacts,  the  interference  level  depends  strongly  on  the  interelectrode  distance 
and  on  the  voltage,  (ii)  For  nominal  rating,  i.e.  12  kV  voltage  and  12  mm  interelectrode  distance  the  RFI  generated  by  a 
well  conditioned  chamber  is  too  low  to  be  measured.  However,  when  the  interelectrode  distance  decreases  and  the  voltage 
increases,  the  interference  increases  up  to  tens  of  dB  {50  -  60  dB  for  the  30  kV voltage).  The  RFI  measurement  method 
may  be  successfully  used  to  investigate  prebreakdown  phenomena  in  high-voltage  systems  with  vacuum  insulation.  The 
investigations  have  shown  a  strong  relation  between  the  breakdown  voltage  in  vacuum  and  the  RF  interference  level 
measured  at  preselected  voltage  in  prebreakdown  stage  of  the  system. 
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ABSTRACT 

T^e  subject  of  the  project  is  to  develope  a  version  of  a  high-power  pulse  microwave  amplifier  similar  to  the  conventional 
travelling  wave  tube  (TWT  or  TWA)  on  the  basis  of  a  relativistic  electron  beam  emitted  bv  a  field  emission  electron  gim 
Mticipated  parameters  of  the  system  are;  electron  beam  eneig>'  0.8  MeV,  beam  cuirent  7  kA,  radiation  frequency  9.3  GHz, 
microwave  output  power  up  to  1  GW,  microwave  pulse  duration  50  ns,  gain  about  40  dB. 


1.  GENERAL  PROBLEMS  OF  HIGH-CURRENT  MICROWAVE  AMPLIFIERS 

The  demand  of  powerful  microwave  sources  with  controlled  amplitude  and  phase  for  supercolliders,  radars  with  high 
resolution  ^d  other  apphcations  has  made  a  recent  impact  to  the  research  in  the  field  of  powerful  nanosecond  amplifiers, 
wiuch^e  high-current  relativistic  electron  beams.  Design  of  a  powerful  relativistic  amplifier  requires  that  the  following  prob- 
lenis  should  be  solved:  ^ 

•  eJimmation  of  possible  high-frequency  breakdovms  in  the  electrodynaxnic  system  ( electric  reJiabiMriO; 

•  spatial  coherence  of  radiation; 

•  operation  in  the  short-pulse  regime, 

•  reduction  of  the  interference  with  inherent  noises  of  an  intense  electron  beam: 

•  high  amplification  coefficient  (40  dB  and  higher). 

.  U  important  problems  in  high-frequency  relativistic  electronics  is  the  problem  of  making  the  system  stable 

which  change  the  electrodjmamic  characteristics  of  the  interaction  space  (increase  of  electric 
reliability  ).  The  most  fiindamental  way  to  increase  output  power  preserving  electric  reliabilih'  is  to  expand  the  transverse 
dimensions  of  the  interaction  space  and  the  cross-section  of  the  output  waveguide  line  while  retaining  the  values  of  high- 
frequency  fields,  current  density  in  the  electron  beam  and  the  flow  of  high-frequency  power. 

^  The  use  of  over-sized  electrodjmamic  systems  is  hindered  by  the  problem  of  providing  spatial  coherence  of  the  fields  in 
the  mterachon  space,  and,  accordingly,  coherence  of  the  output  radiation.  The  ways  to  prowde  the  coherence  somew'hat  differ 
m  oscillators  and  amplifiers  [1].  The  problem  can  be  solved  for  oscillators  by  application  of  this  or  that  method  of  mode 
selechom  i.e.,  by  conditioning  the  appearance  of  only  one  mode:  a  self-consistent  structure  with  a  high  temporal  increment. 
For  amphfiers  tlus  problem  can  be  solved  by  mode  filtration,  which  is  understood  as  providing  conditions  for  spatial  increase 
of  omy  one  self-consLStent  structure  of  the  field.  Coherence  of  the  output  radiation  is  one  of  the  most  complicated  problems 
^d  fcere  are  no  umversal  receipts  for  its  solution.  As  a  mle,  the  way  to  filter  out  (to  select)  modes  is  chosen  for  each  specific 
developed  device  individually.  ^ 

The  need  for  a  high  amplification  coefficient  is  caused  by  a  considerable  difference  between  the  characteristic  power  of 
relativTstic  electron  beams  (1-10  GV^O  and  the  expected  level  of  the  amplifier's  output  microwave  signal,  on  the  one  hand  and 
toe  power  of  possible  sources  of  the  primaiy-'  signal  dess  than  1  MW,  if  one  takes  mto  account  traditional  electron  microwave 
devices),  on  the  other.  Note  that  high  amplification  adds  to  the  risk  of  spurious  self-excitation  of  the  amplifier  which  is 
possible  m  ov-er-sized  systems  not  only  at  the  operating  wave,  but  at  other  eigenmodes  of  the  electrodynamic  structure,  too. 
Besides  that  high  amplification  is  unpeded  by  high  level  of  inherent  noises  of  electron  beam  injected  by  field  em^sion 


u-  integrated  solution  of  the  problems  that  have  been  mentioned  is  po.ssible,  as  a  mle,  only  as  a  trade-off  of 

high  amphfication  coefficient  against  resistance  to  self-excitation,  of  narrowing  of  the  operation  frequency  band  to  reduce  the 
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influence  of  the  beam  self-noises  against  adaptivitv^  of  the  device  tresistance  of  the  system  to  variations  of  beam  parameters), 
etc.. 


2.  SECTIONED  DEVICES 


A  perspective  way  to  achieve  simultaniously  high  amplification  and  spatial  coherence  is  to  divide  the  interaction  space 
into  separate  sections  resistant  to  self-excitation  [2],  By  that,  the  sections  may  perform  various  functions  in  the  device  and  be 
connected  only  by  the  electron  beam.  Each  section  can  have  its  own  set  of  modes,  and  the  matched  work  of  all  sections  in 
this  case  is  possible  only  when  the  band  of  the  operating  mode  in  a  separate  section  overlaps  with  amplification  bands  of  the 
neighboring  sections.  The  number  of  mode  combinations  that  can  provide  matched  functioning  of  all  the  sections  lowers  fast 
with  an  increase  in  the  number  of  sections,  thus  the  selective  work  of  the  device  can  be  achieved.  Besides,  the  use  of  separate 
selective  sections  in  the  device  also  enhances  selective  properties  of  the  whole  device. 

One  of  the  simplest  versions  of  sectioned  amplifier  is  a  cascade  joint  of  TWT  and  BWO  modulator  (backward-wave 
oscillator  operating  as  amplifier  below  the  excitation  threshold)  [3,4]  .  The  BWO,  due  to  its  internal  feedback,  has  h^ 
adaptive  quality  as  to  variations  of  parameters  of  the  electron  beam.  Selectivity  is  provided  by  narrowing  the  BWO 

amplification  band  AA/X  ~  when  flie  BWO  works  in  the  regime  of  regenerative  amplification  (amplifier  with 

positive  feedback)  and  tire  operating  current,  J,  approaches  tlie  start  current  Jst  At  tlie  same  time,  the  BWO  amplification 

coefficient  also  grows  G  '-{I  —  J jJ^  )  . 

The  amplification  band  and  amplification  coefficient  are  limited  only  by  instability  of  the  high-voltage  modulator  and 
corresponding  instabilities  of  the  electron  beam  parameters,  which  keeps  the  system  from  comity  as  close  to  the  self¬ 
excitation  tlireshold  as  possible.  It  is  natural,  then,  that  the  BWO  is  calculated  such  as  to  make  the  start  current  of  the 
operating  mode  lower  tlvan  tlte  start  cunents  of  other  modes. 

3.  VERSION  OF  AN  AMPLIFIER  BASED  ON  A  COMPACT  HIGH-VOLTAGE  MODULATOR 

It  is  supposed  the  designed  accelerator  will  be  power-supplied  by  a  higli-voltage  modulator  [5]  witlt  the  following 
parameters: 

output  voltage  up  to  1 .2  MV, 

pulse  energy  up  to  3  kJ, 

erected  capacitance  4. 1 7  nF, 

series  inductance  less  than  1  pH. 

When  the  modulator  works  with  an  active  50  Ohm  load,  pulse  duration  is  about  150  ns  with  front  duration  less  than 
50  ns.  Low'  inductance  of  the  modulator  due  to  compact  design  permits  to  feed  electron  gun  of  the  amplifier  without  adding 
of  pulse  forming  elements. 

The  operation  range  of  the  amplifier  (Xband)  combined  with  the  source's  being  high-current  (pulse  current  of  the  load  up 
to  20  kA)  gives  grounds  to  think  that  the  most  expedient  version  of  the  amplifier  is  a  device  of  the  Cherenkov  type  with  a 
rectilinear  electron  beam.  Among  tlie  Cherenkov  relativistic  devices  the  most  suitable  scheme  for  an  amplifier  based  on  the 
high-voltage  modulator  is  the  scheme  with  a  modulating  BWO  and  an  amplifying  TWT  section.  A  relativistic  amplifier  of  a 
similar  tvpe  for  the  3-cm  wavelength  band  with  output  power  up  to  100  MW  W'as  developed  and  tested  experimentally  at  the 
lAP,  RAS  [3].  This  version  of  the  amplifier  is  advantageous  for 

•  possibility  to  achieve  strong  amplification  by  means  of  sectioning  the  system; 

•  adaptivity  of  the  sections  to  variations  of  beam  parameters; 

•  relative  simplicity  of  the  system  forming  the  electron  beam; 

•  possibility  to  form  the  required  structure  of  the  output  radiation  by  choosing  a  suitable  wave  in  the  output  section; 

•  possibility  to  use  microwave  input  space  as  the  drift  cliarmel  for  the  electron  beam. 
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We  propose  to  use  for  amplifier  the  foiowing  disposition  of  sectrion  (Pig.  1): 


G-20  dB 
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0=33.7  dB 


Fig.  1.  Block  diagram  of  tlie  amplifier  project  design. 

D  is  waveguide  diameter,  L  is  section  lengtli,  G  is  "linear  ''  amplification 

Hie  foUowong  values  will  be  assumed  as  initial  for  the  project  of  tlie  amplifier: 

working  wavelength  3.25  cm; 

energ}^  of  electrons  in  the  beam  0.8  MeV; 

beam  current  7  kA. 

The  w'orking  wavelength  at  the  present  stage  is  determined  mainly  by  the  parameters  of  the  primar^^  generator.  The  value 
for  the  energy^  of  beam  electrons  is  chosen  such  as  to  have  possibility  to  tune  the  amplifier  by  changing  the  modulator  voltage. 
Electron  beam  current  was  limited  by  7  kA  to  simplifi^  the  conditioas  for  beam  transportation  through  the  rvorking  channel 
(the  current  is  low  as  compared  to  the  limiting  value)  and  to  realize  the  regime  of  operation  with  relatively  low  parameters  of 
the  high-fi-equency  space  charge. 

TWT  AMPLIFIER.  Hie  simplest  way  to  make  tlie  stnictuie  of  tlie  output  radiation  close  to  the  Gaussian  wave  beam  is  to 
chose  as  tlie  working  wave  of  tlie  TWT  section  the  lowest  hybrid  slow  wave  of  the  cylindrical  corrugated  waveguide. 
With  the  appropriate  choice  of  waveguide  parameters  this  wave  is  easily  transformed  into  a  structure  close  to  the  wave  beam 
in  file  output  horn  antenna. 

Theoretical  analysis  and  experimental  investigations  of  relativistic  microwave  generators  with  similar  electrodymamic 
systems  [2]  show  that  working  wifii  a  slow  wave  one  can  realize  increments  fiiat  correspond  to  the  amplification  over 
I  dB/an.  Wien  the  transverse  cross-sections  of  file  electrodynamic  system  w^as  D  the  output  mici*owave  powder 

realized  in  the  studied  generators  exceeded  1  GW,  wlucli  proves  fiiat  file  electric  reliability  of  such  systems  is  acceptable.  It 
has  been  also  obtained  experimentally  that  usiug  sufficienfiy  simple  means,  such  as  smooth  matching  transitions  at  the  ends 
of  the  comxgated  electrodynamic  system  one  is  able  to  realize  stable  to  self-excitation  TWT  sections  wdfii  calculated 
amplification  up  to  40  dB  (in  the  growing  wave). 

BWO  MODULATOR.  BWO  is  One  of  the  most  reliable  and  adaptive  devices  that  can  be  used  as  a  pre -amplifier,  which 
converts  the  input  electromagnetic  signal  into  a  modulation  of  an  electron  beam.  It  is  reasonable  to  choose  one  of  the 
whispering-gallery  modes  of  the  working  mode  of  the  BWO,  since  such  modes  have  the  maximum  coupling 

with  the  beam.  The  choice  of  the  magnetic  wave  is  also  expedient  due  to  the  fact  that  in  the  high-frequency  input  of  the 
amplifier  that  acts  as  a  drift  channel  for  file  elect  on  beam  such  a  wave  does  not  influence  the  process  of  high-frequency 
current  formation.  For  better  matching  betw'een  the  sections  and  simplification  of  transportation  of  electron  beam  it  is 
convenient  to  use  waveguide  in  the  BWO-amplifier  with  cross  section,  which  is  close  to  cross-section  of  Since  the 
diameter  of  the  eiectrodxTiamic  system  of  the  TWT  section  is  D  -  2  i  ,  the  most  suitable  wave  for  that  cross-section  will  be 
the  mode  of  the  circular  waveguide,  whose  ratio  between  fiie  diameter  and  the  critical  wavelength  is  i  .7. 

It  is  assumed  that  the  BWO  will  work  in  the  regime  of  regenerative  amplification  ('amplification  with  positive  feedback  ) 
near  the  start  regime  of  the  w^orking  mode,  for  which  the  start  current  should  be  lower  than  the  start  currents  of  other  modes. 
Hie  regenerative  regime  provides  efficient  narrow-band  generation,  and  that  is  an  additional  factor  for  mode  selection  in  fixe 
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device.  'V^%en  the  modulator  nears  the  start  parameters,  its  amplification  grows  with  no  limitatioas.  We  suppose  that  in  the 
working  regime  the  modulator  vidll  provide  amplification  of  the  order  of  20  dB. 

High-freqiiencv' INPUT  AND  DRIFT  SPACE.  The  input  signal  Irom  the  primar>'^  generator  is  ted  into  tire  BWO  through  a 
converter,  wlrich  converts  the  mode  of  tire  rectangular  waveguide  into  tire  mode  of  tire  cylindrical  one.  Tire  cotrverter 

is  a  quasi-optical  device,  in  which  the  wave  from  the  cut  of  a  rectangular  waveguide  falls  on  the  caustic  surface  for  the 
mode  of  tire  cylindrical  waveguide.  Such  a  converter  can  be  matched  witlr  tire  electron  beam  and  does  not  effect  its  structure 
actively.  This  liigh-frequency  input  is  a  drift  channel  for  the  beam  at  the  BWO  modulator  output. 

4.  ANALYSIS  OF  AMPLIFIER  OPERATION 

Nonlirreai  analysis  of  the  amplifier  operation  was  pertbnned  for  tire  disposition  of  the  sections  shown  at  Fig.  1.  The 
results  of  irumerical  iirvestigatioir  of  the  described  versiorr  of  the  amplifier  are  presented  in  Figs.  2  and  3  as  dependencies  of 
efficiency,  output  power  and  amplification  coefficient  on  the  power  of  tire  input  signal.  Analysis  shows  that  the  proposed 
version  of  the  amphfier  provides  fire  follovriirg  calculated  output  characteristics;  total  amphfication  up  to  45  dB  with  efficiency 
over  30%.  and  output  power  over  1  GW. 


Fig.2.  Output  power  of  the  amplifier  vs  input  power 
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Fig.  3.  Gain  ('♦")  and  efficiency  ('•) 
of  the  amphfier  vs  inpirt  power 
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ABSTRACT 

In  the  recent  years  pseudospark  switches  (pss)  have  been  developed  to  replace  conventional  switches  like  thyratrons, 
ignitrons,  and  spark  gaps  in  certain  applications.  For  fast  electrical  circuits  in  gas  lasers  a  medium  power  switch  with 
integrated  deuterium  reservoir  is  available.  This  device  is  designed  for  a  peak  current  of  30  kA  at  a  hold-off  voltage  of 
32  kV  and  a  pulse  length  of  up  to  500  ns.  With  those  devices  a  current  rise  of  up  to  8*10^^  A/s  (10%-90%)  was  measured. 
In  addition  to  this  medium  current  device  also  pseudospark  switches  for  high  current  applications  were  developed. 
Currents  up  to  400  kA  at  a  hold-off  voltage  of  about  25  kV  and  pulse  length  of  some  microseconds  are  typical  for  these 
pss.  This  large  charge  transfer  must  be  distributed  on  parallel  discharge  channels  to  reduce  lifetime  limiting  electrode 
erosion.  Longterm  tests  with  several  electrode  materials  and  discharge  channel  arrangements  were  performed.  Two 
possible  geometries  were  tested,  a  radial  and  a  coaxial  one.  Optical  fast  shutter  technique,  and  spectroscopic  and 
interferometric  methods  were  used  to  get  more  information  about  the  discharge-character,  the  pinching  of  the  discharge 
channels  due  to  magnetic  forces,  and  the  erosion  mechanism.  The  homogeneous  ignition  and  the  equal  distribution  of  the 
current  into  the  individual  discharge  channels  was  proved  by  fast  photography  and  current  measurements.  At  currents 
exceeding  some  kA  the  pseudospark  transforms  from  a  specific  hollow  cathode  discharge  into  a  metal- vapour-arc  like 
behaviour.  Measurements  of  the  forward  voltage  drop  provide  values  of  less  than  100  V  which  are  typical  for  metal- 
vapour-arcs.  Also  cathode  spots  and  their  traces  on  the  electrode  surface  were  observable.  The  performance  of  these 
switches  in  pulsed  power  devices  will  be  reported. 


1.  INTRODUCTION 

The  pseudospark  is  a  low  pressure  gas  discharge  in  a  special  electrode  geometry.  Typical  are  the  hollow  cathode  and  the 
central  hole  in  the  electrodes.  The  fast  current  rise  and  the  pulsed  electron  beam  generated  in  the  breakdown  phase  are 
characteristic  for  the  pseudospark.  Found  in  1977  by  Christiansen  and  SchultheiB^  the  application  as  a  fast  closing  switch 
was  discussed  soon  afterwards.  Switch  development  started  at  CERN,  Geneva  in  collaboration  with  the  University  of 
Erlangen  at  the  begin  of  the  eighties.^  In  1986  the  investigation  of  a  pseudospark  switch  (pss)  for  high  power  gas  lasers 
began  with  the  aim  to  provide  an  alternative  for  commercial  thyratrons.  Now  this  type  of  switch  is  available  in  metal 
ceramic  technology  with  an  incorporated  deuterium  reservoir.  Typical  data  of  this  pss  are:  32  kV  holdoff  voltage,  30  kA 
peak  current  at  a  pulse  length  of  500  ns  maximum.  Near  the  self  breakdown  a  jitter  of  less  than  5  ns  can  be  achieved.  By 
means  of  an  auxiliary  electrode  inside  the  hollow  cathode  the  jitter  is  reduced  to  less  than  2  ns.  Therefore  this  type  of  pss 
can  be  used  in  parallel.  At  a  current  of  9.4  kA  (70  ns  FWHM)  a  repetition  rate  of  1.8  kHz  was  achieved.^  The  lifetime  of 
the  pss  is  limited  by  electrode  erosion.  To  confirm  extrapolated  data  a  longterm  test  was  performed  with  an  excimer  laser 
test  circuit  at  the  Siemens  AG,  Erlangen."*  The.  parameters  were:  holdoff  voltage  22  kV,  anode  current  10  kA,  reverse 
current  <  1  kA,  pulse  length  170  ns  (FWHM).  The  max.  repetition  rate  was  233  Hz.  After  129  million  pulses  which 
correspond  to  a  total  charge  transfer  of  219  kC  the  test  was  stopped  even  though  the  switch  was  still  working.  During 
operation  the  delay  decreased  from  original  750  ns  to  420  ns  at  the  end  of  the  test  whereas  the  jitter  kept  constant  at  about 
5  ns  (rms).  After  conditioning  of  the  switch  its  misfiring  rate  was  below  one  ppm  and  was  always  due  to  a  prefiring.  This 
test  showed  that  the  pss  has  a  lifetime  similar  to  that  of  thyratrons.  Advantages  of  the  pss  like  high  current  rise  rate  and 
capability  of  100  %  current  reversal  makes  it  to  an  interesting  alternative  to  commercial  available  switches.  For  switching 
high  currents  of  about  50  to  500  kA  at  holdoff  voltages  up  to  30  kV  and  pulse  length  of  some  jis  a  special  type  of  pss  is 
under  development.  The  main  problem  is  the  great  erosion  of  the  electrodes  transferring  such  a  high  amount  of  charge  per 
shot  which  is  of  the  order  of  some  coulomb.  At  these  high  currents  the  discharge  transforms  to  a  metal  vapour  arc  with  an 
erosion  comparable  to  spark  gaps.  To  achieve  a  higher  lifetime  of  these  pss  multichannel  devices  have  to  be  used  for  high 
current  applications.  Multichannel  pss  can  be  realized  with  different  arrangements  of  the  discharge  channels.  The  actual 
stand  of  development  of  high  current  pss  is  reported  in  the  following. 
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2.  PSS  FOR  fflGH  CURRENT  TRANSFER 


2.1.  Test  data  of  a  one  channel  dss 

For  high  charge  transfers  a  one  channel  pss  was  investigated  initially.  The  pss  is  triggered  by  a  surface  flashover  in 
the  back  of  the  hollow  cathode.  The  trigger  is  protected  against  erosion  by  the  main  discharge  by  mounting  it  behind  the 
hollow  cathode.  This  measure  results  in  a  delay  of  500  ns  and  a  jitter  of  about  30  ns  due  to  the  large  distance  between 
trigger  discharge  and  cathode  hole.  These  features  are  sufficient  for  most  applications  of  high  current  switches.  The 
insulator  is  made  of  alumina  and  connected  via  UHV  flanges  with  copper  seals  to  the  electrodes.  The  inner  diameter  of  the 
insulator  is  85  mm.  The  insulator  wall  is  shielded  by  specials  structures  on  the  molybdenum  electtodes.  The  electrode 
apertures  are  5  mm  in  diameter,  and  the  gap  distance  is  3  mm.  This  pss  was  tested  with  a  current  reversal  of  about  90  %. 
The  peak  current  was  120  kA  at  30  kV  holdoff  voltage  at  a  pulse  halfwave  (damped  sinusoidal  wave)  of  2  ps.  The 
repetition  rate  was  about  0.5  Hz  limited  by  the  test  circuit  and  the  water  cooling  system.  Results  of  erosion  measurements 
and  longterm  tests  with  the  one  channel  pss  have  been  reported  earlier.^  With  tungsten  and  carbon  electrodes  the  best 
results  were  found.  To  get  information  about  the  discharge  at  high  charge  transfer  plane  electrodes  without  protecting 
screens  have  been  used  in  connection  with  a  glass  insulator.  With  a  fast  shutter  camera  the  temporal  evolution  of  the 
discharge  was  observed.®  The  discharge  starts  in  the  center,  widens  up  to  the  edge  of  the  central  apertures  and  contracts 
after  about  500  ns  to  a  small  filament,  if  the  current  exceeds  20  kA.  The  filament  moves  away  from  the  central  bore  region 
to  the  plane  electrode  surface,  which  may  also  cause  erosion  of  the  shielding  structures  normally  used  in  this  pss.  The  spot 
localization  changes  statistically  from  shot  to  shot.  By  interferometric  methods  an  electron  density  of  the  filament  of  more 
than  10i^»cm'^  was  determined.®  Measurements  of  the  forward  voltage  drop  showed  voltages  of  a  about  100  V  if  the 
current  exceeds  500  A.^  These  results  are  typical  for  metal  vapour  arcs.  Also  the  erosion  rate  is  comparable  to  that  of  metal 
vapour  arcs.  The  lifetime  of  the  one  channel  pss  of  15,000  pulses  is  too  short  for  real  applications.  To  increase  lifetime  the 
investigation  of  multichannel  devices  was  started.  The  lower  current  density  per  channel  leads  to  an  erosion  reduction  of 
the  single  discharge  channels  and  to  an  increase  of  life  time. 


'll.  Multi  channel  pss  development 


Two  arrangements  of  multi-channel  pss  (mups)  were  investigated:  coaxial  and  radial  devices  as  shown  in  Fig.  1.  A 
linear  arrangement  is  although  possible^,  but  should  be  used  only  in  special  strip  line  circuits  because  of  the  complex 
geometiy.  The  main  problem  of  the  multi-channel  pss  is  homogeneous  ignition  of  all  channels  by  the  Uigger  discharge. 
The  coaxial  design  has  separated  hollow  cathodes,  the  radial  design  a  common  one.  In  the  last  case  the  trigger  of  a  one 
channel  pss  can  be  used.®  Triggering  with  a  surface  flashover  in  the  back  of  the  hollow  cathode  is  possible,  too.  For  the 
coaxial  mups  a  special  trigger  design  is  necessary.® 


Figure  1:  Schematic  drawing  of  the  coaxial  (a)  and  the  radial  (b)  mups  design 
2.2.1.  Radial  mups 

With  a  3-channel  device  homogeneous  discharge  ignition  was  investigated  by  fast  shutter  photography  through  a 
window  in  the  anode.  The  light  emission  is  equally  distributed  among  the  channels  during  the  whole  discharge. 
Measurements  of  the  current  distribution  were  done  by  dividing  the  anode  into  three  insulated  segments.  The  current 
through  each  segment  was  measured  by  three  independent  current  transformers.  The  deviation  from  the  mean  current  was 
less  than  5  %  for  each  of  the  three  channels.  This  deviation  is  shown  in  Fig.  2  in  dependence  on  the  gas  pressure  and  the 
trigger  method.  With  a  surface  flashover  trigger  (SFT)  the  deviation  is  enlarged  a  few  percent  in  comparison  to  the  pulsed 


SPIEVol.  22591587 


charge  injection  trigger  (CIT).  The  experiments  proved  the  equal  distribution  of  the  discharge  current  in  a  wide  range  of 
test  parameters,  A  three  channel  device  with  molybdenum  electrodes  was  tested  at  a  peak  current  of  120  kA  at  15  kV 
holdoff  voltage  with  2.2  \x$  pulse  length  (half  period)  and  90  %  current  reversal.  After  25,0(X)  shots  no  change  in  the 
switching  characteristic  was  observed.  The  erosion  at  the  apertures  was  small  in  comparison  with  the  one  channel  switch. 
The  lifetime  is  about  five  times  higher.  Devices  with  5  and  7  discharge  channels  work  as  well.  Therefore  the  lifetime 
should  be  about  at  least  one  order  of  magnitude  higher  in  comparison  to  that  of  a  one  channel  pss.  A  total  charge  transfer 
of  more  th^n  300  kC  can  be  expected. 


Figure  2:  Deviation  of  the  single  current  of  each  of  the  three  channels  of  a  radial  mups  from  the  mean  current  depending 
on  the  gas  pressure  (left)  and  the  trigger  method  (right)  (SFT:  surface  flashover  trigger,  CIT;  charge  injection  trigger). 


2.2.2.  Coaxial  mups 


With  the  coaxial  design  tests  were  performed  at  a  peak  current  of  100  kA  and  a  pulse  length  of  2.2  ps.  A  3-channel 
mups  was  tested.  The  trigger  used  was  a  pulsed  hollow  cathode  discharge  as  described  in  ref.  8.  The  electrode  holes  were 
arranged  at  a  hole  circle  of  24  mm  and  had  a  diameter  of  5  mm.  The  gap  distance  was  3  mm.  About  300  ns  after  current 
rise  an  acceleration  of  the  discharge  channels  from  the  electrode  apertures  into  the  center  can  be  observed.  This  behaviour 
can  be  explained  by  the  forces  of  the  magnetic  field  and  is  similar  to  that  of  a  z-pinch  discharge.  Depending  on  the  applied 
voltage  the  channels  merge  at  axis  after  about  650  ns  to  1.2  ps.  At  the  later  part  of  the  half  wave  the  single  discharge 
channel  moves  statistically  in  the  central  area  of  the  electrodes.  Figure  3  shows  a  fast  shutter  photography  of  the  discharge 
at  current  rise  and  in  the  beginning  of  contraction.  The  pinching  of  the  discharge  channels  at  axis  causes  an  enhanced 
erosion  at  this  region,  whereas  erosion  at  the  bore  is  negligible.  Therefore  the  lifetime  of  this  type  of  mups  is  reduced  in 
comparison  to  the  radial  arrangement  at  high  current  applications  with  long  cycle  times.  The  application  of  this  switch  is 
restricted  for  pulse  generators  adapted  to  the  pinching  of  the  discharge  channels.  The  limit  of  the  maximum  current  at 
different  cycle  times  will  be  investigated  in  near  future. 


Figure  3:  Fast  shutter  photographs  of  a 
coaxial  mups  arrangement  at  a)  start  of  the 
discharge  and  b)  after  the  pinching  in  the 
center.  Note  that  there  is  a  different  scale  of 
the  photographs. 
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3.  SUMMARY 


Pseudospark  switches  have  been  developed  for  several  applications  in  the  last  years.  For  pulsed  gas  lasers  a  sealed-off  pss 
with  incorporated  deuterium  reservoir  is  available.  For  high  current  applications  first  multi-channel  prototypes  were  tested 
(s.  Table  1).  Both,  the  coaxial  and  the  radial  design  showed  homogeneous  ignition  of  all  the  discharge  channels,  but  the 
radial  pss  is  easier  to  trigger.  The  equal  current  distribution  among  the  channels  during  the  current  pulse  was  proved  by 
fast  photogr£q)hy  and  current  measurements  with  a  segmented  anode.  The  coaxial  multi-channel  pss  showed  a  pinching  of 
the  single  discharge  channels  to  the  center  after  a  few  hundred  ns.  This  may  lead  to  increased  erosion  at  the  center  of  the 
electrode  and  therefore  to  a  shorter  lifetime  if  generator  parameters  are  not  choosen  carefully.  The  discharge  transforms  to 
a  metal  v^our  arc  if  the  transferred  current  exceeds  some  kA.  This  is  proved  by  the  erosion  pattern,  measurements  of  the 
forward  voltage  drop  and  determination  of  the  electron  density.  Lifetime  tests  with  a  one  channel  pss  showed  that  with 
tungsten  and  carbon  the  lowest  erosion  rates  were  achieved.  In  further  experiments  the  influence  of  peak  current  and  of 
new  materials  on  the  erosion  rate  will  be  studied.  According  to  results  the  number  of  parallel  discharge  channels  necessary 
to  achieve  a  considerable  lifetime  for  a  certain  application  will  be  determined.  Operation  with  up  to  7  discharge  channels 
is  already  proved.  In  the  future  the  development  of  multi  channel  pss  for  currents  up  to  400  kA  will  be  the  goal. 

Table  1 :  Data  of  the  high  current  pseudospark  switches. 


high  current  mups 

high  current  pss 

number  of  channels 

3,  radial  design 

1 

holdoff  voltage  /  peak  current 

30kV/200kA 

30kV/120kA 

trigger  method 

surface  flashover 

surface  flashover 

charge  transfer  per  puls 

3C 

1.5  C 

maximum  repetition  rate 

0.3  Hz 

0.5  Hz 

dl/dt 

6- 10”  A/s 

4- 10”  A/s 

delay  /  jitter 

500  ns  /  <  30  ns 

500  ns  /  <  30  ns 

lifetime 

>25,000/ 50  kC 

>15,000  /  27  kC 

4.  ACKNOWLEDGEMENTS 

We  thank  Dr.  W.  Hartmann  and  J.  Stroh,  Siemens  AG,  Erlangen  for  performing  the  longterm  test  of  the  sealed-off  pss. 

5.  REFERENCES 

1.  J.  Christiansen  and  C.  Schultheiss,  "Production  of  High  Current  Particle  Beams  by  Low  Pressure  Spark 
Discharges",  Z  Phys.  A  290,  pp.  35-41,  March  1979. 

2.  P.  Billaut,  H.  Riege,  M.  van  Gulik,  E.  Boggasch,  K.  Frank,  R.  SeebOck,  "Pseudospark  Switches"  Yellow  Report 
CERN  87-13.  December  1987. 

3.  P.  Bickel,  J.  Christiansen,  K.  Frank,  A.  Gbrtler,  W.  Hartmann,  R.  Kowalewicz,  A.  Linsenmeyer,  C.  Kozlik,  R. 
Stark,  P.  Wiesneth,  "High-Repetition  Rate  Sealed-Off  Pseudospark  Switches  for  Pulsed  Modulators",  IEEE  Trans,  on 
Electr.  Dev.,  Vol.  38,  No.  4,  pp.  712-716,  April  1991. 

4.  A.  Gortler,  H.  Arenz,  P.  Bickel,  J.  Christiansen,  K.  Frank,  U.  Herleb,  T.  Mehr,  M.  Schlaug,  A.  Schwandner, 

R.  Tkotz,  "Pseudospark  Switches  for  Excimer-Lasers  and  Pulsed  C02-Lasers",  Proc.  Int.  Symposium  on  High  Power 
Lasers  and  Laser  Applications  V,  Wien,  April  1994  (to  be  published). 

5.  A.  GOrtler,  A.  Schwandner,  J.  Christiansen,  K.  Frank,  H.  Granzer,  "Development  of  a  High  Current  Pseudospark 
Switch  and  Measurement  of  Electron  Density",  IEEE  Trans,  on  PI.  Sci,  Vol.  21,  No.  5,  pp.516-521,  October  1993 

6.  A.  Gortler,  H.  Granzer,  J.  Christiansen,  K.  Frank,  A.  Schwandner,  R.  Tkotz,  "Measurements  of  the  Forward 
Voltage  Drop  in  Pseudospark  Switches",  Proc.  21.  Int.  Conf.  on  Phenomena  in  Ionized  Gases,  Bochum,  Vol.  2,  pp.  321- 
322,  September  1993. 

7.  G.  Mechtersheimer,  R.  Kohler,  "Multichannel  Pseudo-Spark  Switch  (MUPS)",  J.  Phys.  E:  Sci.  Instrum.  20,  pp. 
270-273, 1987 

8.  T.  Mehr,  J.  Christiansen,  K.  Frank,  A.  Gortler,  M.  Stetter,  R.  Tkotz,  "Investigations  about  Triggering  of  Coaxial 
Multichannel  Pseudospark  Switches",  IEEE  Trans,  on  Plasma  Sci.,  Vol.  22,  No.  1,  February  1994  (to  be  published). 


SPIE  Vol.  2259/589 


Unsteady  shock  wave  propagation  from  electrical  foil  explosion 

N.  G.  Karlykhanov,  S.  V.  Dem’yanovskiy,  L  V.  Glazyrin,  A.  A.  Kondrat’ev, 

Yu.  A.  Kucherenko,  A.  T.  Litvin,  A.  V.  Pavlenko,  M.  S.  Timakova,  A.  D.  Zoubov 

Federal  Nuclear  Center  —  All-Russian  Scientific  Research  Institute  of  Technical  Physics 
P.O.Box  245,  454070,  Snezhinsk,  Russia 

ABSTRACT 

A  computational  analysis  is  performed  to  investigate  unsteady  shock  wave  (SW)  formation  from  electrical  foil 
explosion.  The  velocity  of  SW  vs.  generator  power  is  investigated:  results  for  momentary  power  release  are 
compared  with  ones  are  obtained  for  electrical  circuit  parameters  calculation  with  effects  in  foil  consideration. 
Physical  effects  in  the  foil  have  been  considered  in  detail.  The  special  case  of  SW  profile  formation  is  analyzed. 
Results  of  calculations  compared  to  the  experimental  data. 

1.  INTRODUCTION 

Production  of  intense  unsteady  shock  wave  from  electrical  foil  explosion  is  one  of  the  great  interest  for  vari¬ 
ous  applications,  in  particular,  for  investigation  of  hydroinstabilities  (Rayleigh-Taylor,  Richtmyer-Meshkov  etc.) 
development^.  The  configuration  of  installation  is  sketched  in  Fig.l. 

Fig.l,  Design  of  shock  tube  using  foil  explosion 
for  hydroinstabilities  investigation. 


1  2  3  4 


The  installation  works  as  follows:  two  different  shock  waves  propagate  in  air  in  opposite  directions  after  the  foil 
(2)  explosion.  Shock  wave  (3)  which  propagates  to  the  right  side,  reaches  the  subject  of  research  (4).  Another  shock 
wave  which  propagates  to  the  left  in  the  intermediate  tube  (6),  reaches  a  nitrocellulose  film  (1),  bursts  one  and 
expands  into  vacuum  chamber  (5).  As  a  result  a  rarefaction  wave  propagates  to  the  right  and  forms  the  required 
time  profile  of  shock  wave  (3). 

The  experiment  which  has  been  simulated  consists  of  foil  electrical  explosion  due  to  high-current  generator 
discharge.  The  generator  consists  of  several  GNUV  modules  with  following  parameters:  charged  energy  is  about  24 
kJ,  current  amplitude  0.62  MA,  half-period  current  rise  time  4  //s  (total  inductance  80  nG,  capacity  66  jiF, 
charged  voltage  27  kV).  Copper  foil  17  ftm  thickness  and  cross-section  of  138  x  138  mm^  is  used. 

2.  THE  MODEL 

To  resolve  the  whole  task  it  is  necessary  to  take  into  account  phenomena  which  differ  in  length  appreciably: 
a),  fixn  width  foil  explosion;  and  b).  SW  propagation  in  extended  gas  region  of  1  m  scale.  Therefore  the  task  hcts 
been  divided  into  two  parts:  first  one  includes  the  simulation  of  processes  in  foil  for  determination  of  transmission 
efficiency  of  charged  energy  to  SW  kinetic  energy;  second  one  consists  of  simulation  of  SW  moving  in  gas  region. 

2.1.  Foil  explosion  model 

The  macroscopic  foil  behavior  is  described  by  single-fluid  MHD  approximation.  The  radiation  effect  is  neglected 
because  the  temperature  of  matter  exceed  few  eV.  In  this  context  the  heat  propagation  and  physical  viscosity  did 
not  consider.  Kinetic  features  (nonequilibria  properties  due  to  microinstabilities  development)  are  ignored  too. 
Equations  of  state  taking  into  account  the  phase  state  transitions  and  mixtures  were  used  for  metal^.  Coefficients 
of  electrical  conductivity  have  been  taken  from  paper^.  Boundary  condition  for  magnetic  field  is  determinated  from 
the  equations  for  current  which  traverses  the  generator  external  circuit.  Magnetic  field  diffuses  into  foil  due  to 
chosen  electrical  conductivity.  Conductivity  in  surrounding  air  is  not  considerated. 
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2,2.  Model  of  shock  propagation 

Shock  wave  which  is  generated  by  foil  explosion  propagates  in  gas  region.  SW  velocity  exceeds  Mach  number  of 

^  6  and  then  decreases  with  time.  In  early  time  the  shock  wave  is  strong.  The  gas  is  air  at  room  temperature. 
We  assumed  that  the  gas  was  compressible.  Kuznetsov’s  tables'^  of  thermodynamic  coefficients  were  used  for  air. 
The  model  considers  air  which  has  only  translational  degrees  of  freedom,  so  that  corresponding  relaxation  time  is 
much  less  that  the  relaxation  time  of  the  vibrational  degrees  of  freedom.  In  air  there  are  no  effects  considered  of 
electron  excitation  and  ionization.  Moreover,  dissociation  cannot  appear. 

3.  NUMERICAL  SCHEME 

All  calculation  was  performed  with  the  1-D  Lagrangian  code  ERA^,  using  a  plane  coordinate  system.  The 
method  used  for  SW  modeling  is  a  second-order  scheme  both  on  time  and  on  coordinate  using  an  Neumann- 
Richtmyer  artificial  viscosity  to  description  of  SW  front. 

Vacuum  region  is  taken  into  account  by  means  of  boundary  condition:  when  the  time  less  fo  “  the  moment  when 
left-propagating  SW  reaches  the  nitrocellulose  film  (1)  (see  Fig.l),  the  condition  keeps  =  0  (t;  -  velocity).  After 
fo  the  condition  changes  to  p  =  0  (p  -  pressure). 

4.  RESULTS  AND  DISCUSSION 

4.1,  Calculation  of  experiment 

The  calculation  of  the  experiment  described  above  was  performed  in  two  stages.  First  one  consists  of  calculation 
of  foil  explosion.  Obtained  solution  for  energy  release  is  then  overlayed  onto  large  scale  for  complex  modeling. 

Figure  2  shows  energy  time-histories  for  the  calculated  results  and  experimental  data.  There  is  some  differences 
between  these  results.  They  are  connected  probably  on  the  one  hand  with  chosen  transport  coefficients  and  equation 
of  state  in  model  and  on  the  other  hand  with  methods  of  treatment  of  experimental  data.  For  general  problem  it  is 
necessary  2D  modeling.  It  is  interesting  to  note  that  1)  the  time  of  energy  release  is  few  ps  and  time  of  SW  motion 
to  the  subject  of  research  (4)  (Fig.l)  is  300  -  400  ps  (see  Fig. 3);  2)  the  calculated  energy  is  approximately  equal 
to  experimental  one.  Therefore  at  later  stages  of  flow  development  we  use  calculated  dependence  of  release  power 
in  foil  vs.  time  for  SW  propagation  modeling. 


Fig. 3.  shows  comparison  of  calculated  SW  front  position  to  experimental  measurements.  Case  of  momentary 
energy  release  in  foil  {tjoU  =  0)  is  shown  by  dashed  lines.  Although  ijoU  ~  6  psec  is  very  small  compare  to  the  time 
of  SW  motion,  there  is  no  satisfactory  agreement  with  the  experimental  data  for  tjoU  ~  0.  Only  the  calculation 
with  processes  in  foil  consideration  (Fig.3,  solid  line)  shows  good  agreement  with  the  experiment  in  timing  of  SW 
front. 

Summary  up  describing  above  one  could  conclude  that  the  physical-mathematical  model  satisfactory  simulates 
the  foil  explosion  and  SW  motion.  Next  step  would  be  a  SW  profile  calculation  by  the  model  in  a  complex  region 
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sketched  in  Fig.l. 

4.2,  Shock  wave  profile  formation 

The  problem  of  SW  profile  formation  is  the  subject  of  experimental  studies.  These  experiments  are  performed 
in  order  to  explore  some  of  the  mechanisms  occurring  in  the  implosion  of  inertial  confinement  fusion  targets  as  a 
consequence  of  instabilities.  For  Richtmyer-Meshkov  instability  investigation  it  is  necessary  to  obtain  6  -  similar 
form  of  acceleration  of  a  shocked  interface  with  different  densities  and  for  Rayleigh-Taylor  one  need  to  have  close 
to  constant  acceleration.  The  present  calculations  are  directed  to  investigation  of  this  problem.  The  objective  of 
this  numerical  study  is  to  optimize  the  length  of  intermediate  tube  (6)  (see  Fig.l)  for  required  SW  profile.  Some 
computations  have  been  performed  for  a  range  of  the  tube  lengths. 

In  Fig. 4,  the  right  coordinate  of  exploded  foil  increases  in  time,  reaches  the  value  ro  and  begins  to  oscillate 
around  ro.  It  could  be  explained  by  nonlinear  processes  of  interaction  of  metal  vapor  with  surrounding  gas.  In  the 
beginning  hot  dense  metal  plasma  of  exploded  foil  expands  into  cold  low-density  air.  During  the  expansion  metal 
plasma  is  cooled  and  at  ro  its  pressure  becomes  approximately  equal  to  gas  pressure.  Foil  bound  motion  continue 
for  some  time  due  to  inertia  and  then  return  to  the  equilibria  point.  Oscillation  is  damped  through  three  or  four 
cycles. 

These  oscillations  have  an  influence  on  position  of  interface  (4)  time-history.  It  could  clear  see  in  Fig. 5  where  the 
velocity  of  shocked  interface  vs.  time  is  shown  for  two  cases:  without  and  with  vacuum  region.  Upper  curve  (after  ... 
^sec)  shows  the  velocity  without  vacuum  region.  Oscillations  are  explained  by  described  above  processes.  In  presence 
of  vacuum  region  the  foil  ”suck  up”  by  vacuum  and  the  velocity  becomes  negative.  Corresponding  acceleration  (close 
to  constant)  is  approximately  equal  to  10^  m/s^,  so  that  the  value  defined  of  instability  development  gt^  1  m. 

Obtained  results  show  that  form  of  acceleration  corresponding  to  both  cases  models  Richtmyer-Meshkov  insta¬ 
bility.  Using  vacuum  region  one  could  delive  from  oscillations  and  continued  the  acceleration  action. 


Fig.4.  Coordinates  of  foil  and  subject  Fig-5-  Subject  of  research  velocity  vs. 

of  research  vs.  time  and  without  vacuum  region 


5.  CONCLUSIONS 

Building  up  physical-mathematical  model  realized  in  1-D  ERA  code  was  shown  to  calculate  efficiency  and 
accurately  electrical  foil  explosion  and  SW  propagation  from  the  foil.  The  computation  satisfactory  models  the 
main  flow  features  in  the  tube  special  designed  for  SW  profile  formation  for  hydroinstabilities  investigation. 

The  estimation  of  acceleration  value  is  overrated  because  for  correct  simulation  of  subject  position  it  will  be 
necessary  to  consider  the  turbulent  mixing  development^,  induced  by  shock  wave  passage  through  the  interface. 
Model  of  the  mixed  region  need  to  be  refined  to  account  for  all  phases  of  perturbation  growth  and  their  transition. 
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ABSTRACT 

This  report  deals  with  A.C.  measurements  of  H.V. 
insulating  arrangements  on  site  and  in  Laboratory. 

The  inspection  of  H.V.  insulation  of  electrical  equipment 
is  first  of  all  to  recognize  defects  of  these  insulations  as 
early  as  to  prevent  breakdown  of  apparatus.  The  special 
difficulty  of  these  inspections  results  from  the  large 
dimensions  of  this  equipment. 

The  PD-measurements  consider  the  test-circuit  transfer 
characteristic  influenced  by  the  large  physical  and 
geometrical  dimensions,  the  individual  conditions  of  the 
test  objects  and  the  disturbance  levels  found  on  several 
places. 

For  state  evaluations  of  electrical  insulations  different  test 
arrangement  and  measuring  devices  are  used. 

The  report  gives  a  comparsion  between  such  methods 
with  regard  to  the  impact  on  the  PD-signal  and  its 
spectrum  from  the  generation  up  to  the  evaluation. 

2.JNTRQPUCTI0N 


uncoupled  at  the  terminals  of  H.V.  equipments,  in  the 
range  of  10  kHz  to  5  MHz  with  rather  narrow  bandwith 
(up  to  25  Hz). 

Test  results  of  two  different  defects  in  insulations  of  H.V. 
equipments  are  shown  at  different  conditions  m  fig.  1 
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The  PD-measurement  is  a  sensitive  measuring  method 
and  enables  in  contrast  to  all  other  known  methods  the 
detection  of  singular  failures  in  an  insulation  system. 

For  this  reason  the  above  mentionend  method  gains 
increased  importance  specifically  for  quality  control  on 
high  voltage  insulations  in  production  and  to  obtain 
specific  characteristic  qualities  for  the  assessment  of  the 
operating  conditions  for  a  entire  plant. 

In  the  past  a  lot  of  reports  have  been  published  about  the 
use  and  suitabihty  of  PD-measurements. 

3JjISPLAY  QF  CURRENTLY  MEASURED 
VALUES 

The  high  electrical  quality  of  the  major  insulation  of  H.V. 
equipments  leads  to  small  overall  dimensions. 

Depending  on  the  shape  and  airangement  of  metal  parts 
and  insulation  leads  could  be  exposed  to  high  electrical 
field  concentrations  of  major  insulations.  A  5. 6 
A  defect  can  be  given  also  by  free  conducting  particles  in 
a  gas  insulated  system. 

Because  each  failure  type  has  its  own  PD-behaviour  the 
quality  and  condition  of  insulation  can  be  estimated. 

This  describted  method  of  PD-measurement  deals  with 
sampling  the  fi'equency  spectrum,  of  the  PD-signals  are 


fig.  la 


fig.  lb 
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For  the  assessment  of  the  failure  type  the  dependence  of 
the  PD-values  on  the  polarity  and  toe  position  in  relation 
to  the  applied  AC-voltage  and  the  typical  frequency 
spectrums  are  used. 

All  available  data  are  processed,  averaged,  and  stored  in  a 
parametered  processing  cycle. 

Scanning  rates  are  selected  according  to  use  conditions  or 
are  adjusted  to  the  letter. 

In  order  to  limit  the  amount  of  data  to  be  handled,  results 
are  stored. 

There  will  be  discussed  the  three  principal  applications  of 
this  method. 


A  typical  Offline  test  result  is  shown  in  fig.  2 


fig.  Id 


fig.  2b 
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5.  RF.SIMF. 


Power  plants  represents  such  a  substantial  economic  value 
that  all  conceivable  steps  should  be  taken  to  assme 
maximum  availability. 

In  recent  years  this  PD-method  for  the  monitoring  of  such 
plants  have  been  developed  from  the  BEPZ  Vienna. 

With  early  error  detection,  damages  can  either  be  avoided 
or  at  least  limited. 

With  the  reduction  of  time  needed  for  revisions, 
availability  of  the  plant  is  substantially  increased. 
Monitoring  systems  should  not  only  be  incorporated  in 
new  plants;  they  also  constitute  an  important  instrument- 
and  often  the  only  way  -  to  make  use  of  yet  untapped 
reserves  without  exceeding  the  thresholds  for  the 
operation  of  an  older  plant.  This  last  point,  in  particular, 
becomes  increasingly  important  for  optimum  utilization 
of  existing  energies  and  installed  capacities. 

6.  REVERENCES 

1.  E.  Keil,  "Die  Untersuchung  an  Hochspannungs- 
isolierungen-ein  Beitrag  zur  Beurteilung  der  Lebensdauer 
elektrischer  Betriebsmittel  der  Energietechnik"  E.u.M. 
Vol.94  (1977)  pp.  244-250 

2.  P.  Blasius,  G.  Buerger,  D.  Koenig,  K.  Moellenbeck, 
K.  Moeller,  K.B.  Mueller,  C.  Neumann,  K.  Schon,  K.H. 
Week,  A.  Wichmaim,  ua.:  50.  VDE-Seminar  ueber 
TeUentladungen  in  Betriebsmitteln  der  Energietechnik, 
Muenchen,  1982 

3.  D.  Koenig,  H.G.  Kranz,  E.  Lemke,  G.  Luxa,  K.B. 
Mueller,  C.  Neumann,  D.  Peier,  K.  Schon,  K.H.  Week,  A. 
Wichmann,  ua.:VDE-ETG-Fachtagung,  "TeUentladungen 
in  Betriebsmitteln  der  Energietechnik”,  Techn.  Akademie 
Esslingen,  1985 

4.  U.  Brand,  M.  Marckmann:  Outdoor  High-voltage 
compressed-gas  capacitors  using  SFg-insulated  bushings 
with  potential  control,  Messwandlerbau  GmbH  W. 
Germany 

5.  E.  Philippow,  "Taschenbuch  Elektrotechnik"  Band  6 
Systeme  der  Elektroenergietechnik;  Abschnitt  Hochspan- 
nungsisoliertechruk,  Carl  Hauser  Verlag  Muenchen  1982 

6.  W.  Schmidt,  P.  Hogg,  A.  Eidinger,  "Vor-Ort-Hoch- 
spannungspriifung  von  SFg-isolierten  metaUgekapselten 
Schaltanlagen  und  Rohrgaskabeln",  Baden;  Brown  Boveri 
Mitt.  11-77,  pp.640-645 

7.  W.  Boeck,  "Durchschlag  von  Isoliergasen",  VDE 
Darmstadt;  etza-a  Bd.  97  (1976)  H.l,  pp.  35-37 

8.  V.  Berthold,  "Zum  EinfluB  der  Spannungsform  auf 
den  partikelgeziindeten  Durchschlag  von  SFg-Isolierun- 
gen",  KTD  Dresden;  Elektiie  30  (1976)  H.8,  pp.  444-446 


Compact  PC-controlled  tester  of  electric  strength 
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ABSTRACT 

The  tester  is  a  convinient  and  usefull  unit  for  complex  damage-free  test 
of  current  leakage  of  vacuum  and  ceramic  insulation  in  a  wide  range  of  high 
voltage.  PC-control  and  processing  provide  information  about  the  leakage 
nature  and  characteristics  of  the  electrodes'  surfaces. 

The  tester  is  designed  for  leakage  control  of  vacuum  and  dielectric  insul¬ 
ation,  reveal  of  the  leakage  nature,  breakedown  voltage  forecast  with  the 
breakdown  most  probable  nature,  vacuum  gaps  geometry  control. 

The  tester  operation  principle  is  based  on  the  takeoff  and  processing  of 
leakage  voltage-current  characteristics  (VCC) . 

Vacuum  gaps  leakage  current  (also  called  pre-breakedown  currents)  are 
highly  sensitive  electric  strength  investigation  and  control  means.  It  is  as¬ 
set  iated  with  that  fact  that  pre-breakdown  current  having  on  the  hole  field- 
emission  nature  is  the  main  reason  of  electric  strength  failure  -  breakdown. 
Therefore  field  emission  surface  characteristics  are  determined  by  means  of 
prebreakdown  current  VCC  and  hence  thr  quality  of  electrode  treatment  technol¬ 
ogy.  Moreover  by  determined  by  means  of  VCC  micro-field-emitters  form  paramet- 
res  and  a  breaking  point  for  it  of  a  current  density  and  the  limit  for  an 
anode  electron  bombardment  power  are  evaluated  and  hence  a  breakdown  voltages 
are  calculated  accordingly  for  cathode  and  anode  breakdown  nature. 

Exponential  dependance  of  field-emission  current  on  electrode  spacing  at 
the  present  voltage  gives  the  possibility  to  control  the  vacuum  gap  geometry 
by  means  of  pre-breakdown  current  measurement  and  to  the  reveal  drifts  from 
predetermined  geometry  stipulated  both  by  imperfection  of  a  technology 
(assembly  of  poor  quality,  welding  stress  relaxation)  and  parts  thermal  defor¬ 
mation  with  switching  on  the  thermocathode  filament. 

Pre-breakdown  current  VCC  are  used  for  identification  of  leakage  current 
wich  can  be  in  practice  of  field-emission,  ohmic  (over  the  ceramic  surface) 
and  thermoemission  nature.  The  division  of  leakages  by  their  physical  nature 
is  possible  owing  to  the  essential  difference  in  the  form  of  their  VCC,  espec¬ 
ially  with  a  good  chosen  coordinate  system. 

In  particular  for  this  purposes  the  Fawler-Nordheim  coordinates  are  appea¬ 
red  to  be  suitable  (Fig.l)  so  far  as  in  this  coordinates  a  field-emission  part 
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is  represented  in  the  form  of  a  straight  line  with  a  negative  inclination 
(section  1)  and  a  part  of  ohmic  leakage  over  ceramic  -  in  the  form  of  a  loga¬ 
rithm  curve  (section  2)* 


Fig.l.  An  approximate  drawing  of  a  vacuum  gap  VCC;  1-field  emision 
leakage  range;  2-transition  range;  3-ohmic  leakage  range 

When  drawing  the  tester  the  main  characteristics  were  chosen  range  of 
taken  off  currents  and  voltages  and  way  of  supply  a  high  voltage  to  the  vacuum 
gap.  The  range  of  pre-breakdown  current  to  be  measured  was  chosen  to  be  from  5 
nA  to  50  mcA  so  far  as  maximum  prebreakdown  current  levels  without  the  break¬ 
downs  occuring  are  hundreds  mcA  and  leakage  current  less  than  some  nA  are 
permissible  practically  for  all  types  of  power  vacuum  tubes.  The  range  of 
recorded  leakage  current  in  four  decades  is  quite  sufficient  for  determination 
of  vacuum  insulation  characteristics. 

The  high  voltage  (HV)  range  from  0  to  25  kV  was  chosen  proceeding  from  a 
nomenclature  of  produced  electronic  devices  (including  TV  cathode  ray  tubes), 
from  a  reqired  portability,  compactness  of  the  tester  (higher  voltage  require 
big  overall  dimensions  of  HV  elements  even  when  poured  by  a  compound)  and  also 
by  the  choice  of  complete  equipment  items  -  HV  rectif iers-multipliers,  step-up 
transformers,  HV  capacitors. 

As  a  source  of  changing  HV  (for  VCC  taking  off)  a  capacitor  was  chosen 
relatively  slow  discharging  through  discharge  resistors  of  an  ohmic  HV  divider 
and  vacuum  gap  under  the  test. 

The  capacitor  charging  is  carried  out  from  a  HV  during  1  sec,  wich  is  much 
less  than  time  of  it's  discharge  (some  100  sec).  After  charging  of  the  capaci¬ 
tor  the  HV  source  is  swithed  off  that  allows  to  conduct  measurements  of  weak 
currents  (the  vacuum  gap  leakage  current  and  current  through  the  HV  divider) 
without  HV  oscillation  noise. 

Voltage  and  current  measurements  in  the  teser  are  caried  out  by  means  of 
electrometric  amplifiers.  The  leakage  current  measurements  are  carried  out 
over  two  chanels  with  different  upper  limits  that  provides  the  necessary  range 
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of  recorded  current  by  means  of  manufactured  controllers  with  10 (12) -bits 
analogue-to-digit  converters  (ADC) . 

Analogue  signals  from  amplifiers  outputs  to  ADC  inputs  of  and  control 
signals  of  the  controller  ar  transmitted  trough  galvanic  opto-insulator( insul¬ 
ation  breakdown  voltage  200  V) ♦ 

The  tester  operation  is  PC-controlled,  with  introduction  of  necessary  data 
carried  from  the  keyboard  and  data  library  of  electrode  materials* 

When  processing  the  recorded  VCC  the  parts  with  different  leakage  nature 
are  distinguished,  microfield-emitter  (supposed  to  be  a  protrusion)  and 
breakdown  voltages (both  for  anode  and  cathode  breakdown  nature)  are  calculated 
in  the  field  emission  part  of  the  VCC,  and  the  ceramic  ohmic  resistance  in  the 
ohmic  part  of  the  VCC. 

Measurements  and  processing  results  are  displayed  on  the  screen,  printer 
and  stored  in  the  archive  files. 

The  teser  blok  diagram  is  given  in  Fig. 2. 

The  tester  main  specification  are  as  folloows: 

-  test  voltage  range  -  0.5-25  kV; 

-  test  voltage  polarity  -  positive; 

-  recorded  leakage  current  range  -  5  nA  -  50  mcA; 

-  one  VCC  measurement  and  processing  time  -  up  to  4  min.; 

-  power  consumption  -  220  V,  50  Hz,  50  W; 

-  overall  dimensions  300*300*130  mm; 

-  weight  -  up  to  8  kg. 


Fig. 2.  The  tester  block  diagram:  1-controller  (input  to  a  slot  of  the 
PC  motherboard);  2-the  tested  vacuum  gap;  3-opto-insulator  board;  4- 
amplifiers  board;  5-HV  source;  6-TTL-pulse  genegator;  7-DC  source;  8- 
pulse  current  source;  Ll-tester-PC  connecting  line;  L2-leakage  current 
line;  L3-PiV-supply  cable;  L4-amplif iers-output  line;  L5-HV  divider- 
output  line;  L6-pulse  generator  switch  line;  L7,L8,L10,L11-DC  supply 
lines;  L9-pulse  current  supply  line;  L12-TTL-pulse  line. 
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DESIGNING  FIELD  EMISSION  DEVICES 
TO  AVOID  IMPEDANCE  COLLAPSE 
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ABSTRACT 

It  is  asserted  that  Impedance  Collapse  is  due  to  a  partial  vanishing  of  space  charge  which  limits 
current  in  an  improperly  designed  field  emitting  device.  Empirical  support  for  this  contention  is 
presented. 


1.  INTRODUCTION 


The  phenomenon  known  as  "Field  Emission"  was  given  what  is  perhaps  a  misnomer  upon  its 
discovery  in  1897^‘\  as  it  was  thought  to  be  a  stream  of  electrons  somehow  pulled  out  of  a  metal  by 
a  sufficiently  strong  electric  field.  After  an  unsuccessful  attempt  in  1923'^^  to  show  analytically  that 
this  is  the  case,  the  matter  remained  a  mystery  until  1928  when  it  was  shown  to  be  a  quantum 
mechanical  tunnelling  of  electrons  through  a  potential  barrier  which  had  been  narrowed  as  well  as 
lowered  by  the  presence  of  an  electric  field^^^  An  excellent  review  article  cites  numerous  examples 
of  empirical  studies  which  demonstrate  agreement  with  the  tunnelling  analysis''ll 

The  dependence  of  the  emitted  current  density,  J,  on  the  effective  applied  electric  field,  F,  is 
essentially 

J=KFh'^l^  (1) 


where  K  and  k  are  constants  which  involve  among  other  things,  the  work  function  of  the  metal.  This 
dependence  is  plotted  and  labelled  in  Figure  1  as  the  more  steeply  inclined  line,  with  the  slowly 
varying  F^  term  ignored  for  simplicity.  The  slope  of  that  line  depends  on  the  work  function  of  the 
emitting  metal,  and  the  value  for  tantalum  was  chosen  for  this  example,  as  this  is  the  emitting 
substance  mentioned  below  in  section  3. 

At  current  densities  below  about  lO’  amperes  per  square  centimeter  the  current  is  steady  and  there  is 
excellent  agreement  between  experimental  results  and  Equation  1.  However,  if  the  current  density  is 
caused  to  exceed  this  value,  either  by  increasing  the  voltage  or  decreasing  the  radius  of  curvature  of 
the  emitter  (which  increases  the  effective  field)  the  current  is  characterized  by  abrupt  surges  or 
pulses^^l  Attempts  to  extract  10*  to  10®  amperes  per  square  centimeter  usually  result  in  such  violent 
outbursts  of  emitted  current  that  the  emitter  is  destroyed  by  melting  and  evaporation.  This  violent 
increase  is  frequently  referred  to  as  "Impedance  Collapse",  or  "Diode  Closure". 


0-8194-1 581-2l94/$6.00 


SPIE  Vol.  2259  I  eOl 


Figure  1.  Space  Charge  Limiting  superimposed  upon  a  plot  of  Field  Emission  Current 
Density,  J,  as  a  function  of  Enhanced  Field,  F. 


2.  THE  EFFECTS  OF  SPACE  CHARGE 

After  the  electrons  have  tunnelled  out  from  the  emitting  metal  they  are  accelerated  by  the  electric 
field  toward  the  anode,  but  their  finite  mass  causes  them  to  linger  in  the  vicinity  of  the  emitter's 
surface  for  a  short  time,  resulting  in  a  negative  space  charge  which  tends  to  reduce  the  effective 
field,  and  hence,  the  emitted  current.  In  equilibrium  the  current  is  referred  to  as  being  "space  charge 
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limited",  shown  by  theory^®^  and  experiment  to  be 
given  approximately  by 


J= 


CF^I2 

fd 


(2) 


The  symbol  C  refers  to  another  constant  and  d  is  an 
effective  value  of  electrode  separation.  Equation  2  is 
plotted  and  labelled  in  Figure  1  as  the  line  with  the 
smaller  slope.  As  shown  there  in  the  figure,  the  two 
lines  intersect  somewhere,  the  location  of  the 
intersection  depending  somewhat  on  electrode 
geometry  and  the  metal's  work  function.  To  the  right 
of  the  intersection  the  current  is  determined  by  the 
field  emission  phenomenon.  Equation  1,  and  the  left  it 
is  space  charge  limited,  Equation  2. 

^  THE  CAUSE.  NATURE.  AND  CURE  OF 
TMPHDENCR  COLLAPSE 

If  the  current  is  space  charge  limited  and  the  electric 
field  is  sufficiently  strong  to  increase  the  current  by 
an  order  of  magnitude  if  the  space  charge  were 
removed,  rather  obviously  the  amount  of  current  is 
sensitive  to  perturbations  in  the  quantity  of  space 
charge  present.  A  disturbance  which  lowers  the  space 

charge  increases  the  emitted  current  density.  Ionization  of  residual  gases  or  material  ejected  by  some 
means  from  the  emitter  decreases  the  space  charge  density  due  to  the  fact  that  the  more  massive 
positive  ions  remain  near  the  emitter  while  the  electrons  are  accelerated  away.  The  resulting 
increased  current  density  causes  more  ionization  and  the  self  regenerating  phenomenon  appears 


Figure  2.  Tantalum  Emitter 


externally  as  a  current  surge.  A  particularly  violent  current  surge,  "Impedance  Collapse",  can 
damage  or  destroy  the  emitter.  A  field  emitter  being  subjected  to  an  electric  field  to  produce  a  space 
charge  limiting  current  would  begin  operating  on  the  space  charge  limit  line  in  Figure  1,  at  the 
bottom  of  the  crosshatched  area  indicated.  As  some  ionization  begins  to  occur,  the  space  charge 
decreases  and  the  operating  point  moves  upward  through  that  area  toward  its  upper  limit,  the  field 
emission  line. 


Figure  2  shows  an  electron  microphotograph  of  the  edge  of  a  thin  tantalum  sheet  which  had  been 
used  as  a  field  emitter.  The  intense  emission  caused  localized  heating  which  resulted  in  melting,  and 
image  forces  pulled  the  liquid  into  the  convex  surface,  whose  radius  of  curvature  is  5.6  microns. 
Impedance  Collapse  was  noted  as  the  device  was  operated  at  375  kilovolts.  Dividing  the  applied 
voltage  by  the  radius  of  curvature  gives  the  effective  field,  establishing  that  the  operating  point  is  on 
the  line  indicated  in  Figure  1.  It  is  significant  to  note  that  the  line  passes  through  the  crosshatched 
area  in  which  impedance  collapse  is  to  be  expected,  as  explained  above. 


Impedance  collapse  can  be  avoided  by  designing  the  electrodes  in  such  a  way  that  the  crosshatched 
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area  of  Figure  1  is  avoided  by  the  operating  point.  Such  an  emitter  is  shown  in  Figure  3,  and  the 
resulting  emitted  current  trace  when  it  was  subjected  to  a  350  kilovolt  pulse  is  shown  in  Figure  4. 


Figure  3.  A  Graphite  Emitter  Figure  4.  The  Current  Trace 


The  radius  of  curvature  is  about  30  microns  which  places  the  operating  point  near  the  intersection  of 
the  lines  in  Figure  1.  The  emitter  contained  myriads  of  such  protrusions,  yet  the  current  was  fairly 
steady,  as  can  be  seen  in  Figure  4.  The  applied  pulse  was  terminated  by  a  shorting  bar  after  one 
microsecond  for  a  reason  which  did  not  involve  the  emitter. 

No  impedance  collapse  is  seen  in  Figure  4,  demonstrating  that  it  can  be  avoided  by  designing  the 
emitter  so  that  no  space  charge  effect  will  limit  the  current.  That  is,  choosing  an  operating  point 
outside  of  the  crosshatched  area  in  Figure  1. 
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ABSTRACT 

Resistometry,  X-ray  and  NCR  methods  have  been  used  to  investigate  phase  transformations  long-range  type  in 
submillimetre  layers  of  Fee^Nisi  and  Pd2AuFe  alloys  under  ion  bombardment.  In  situ  measurements  were  made 
simultaneously  resistivity  and  temperature  on  plate  specimens  100-400  /im  thick.  The  observed  transformations  are 
considered  to  be  a  new  type  of  radiation-induced  self-spreading  phase  transformations  similar  to  combustion  and 
detonation  phenomena,  propagating  at  a  speed  equal  to  or  exceeding  that  of  sound  in  the  material.  In  accordance 
with  the  proposed  model  the  transformations  take  place  in  metastable  media  at  solitary  wave  fronts  generated  as  a 
result  of  evolution  of  atom  collision  cascades.  Equations  are  proposed  describing  the  emergence  of  undamped  solitary 
waves  with  self-regulating  amplitudes  which  bring  about  such  transformation. 

1.  INTRODUCTION 

loii  implantation  is  now  established  as  one  of  novel  techniques  for  processing  of  the  stable  and  metastable  metallic 
surface  alloys  [1-3]  .At  present  detailed  studies  have  been  made  of  phenomena  connected  with  ion  bombardment  in 
the  zone  of  direct  penetration  of  ions,  as  well  as  in  the  adjacent  subsurface  layers  having  a  thickness,  as  a  rule,  not 
exceeding  several  ion  projected  ranges  Rp, 

In  [1,2]  it  was  reported  about  unknown  up  to  now  effects  of  generation  of  nonthermal  structural  phase  transitions, 
self-spreading  in  the  bulk  of  the  material,  induced  by  continuous  and  pulse  repetitive  high-current  ion  beams.  These 
transformations  are  observed  with  energy  inputs  insufficient  for  any  noticeable  heating  of  the  samples  in  subsurface 
layers,  the  thickness  of  which  is  lO^-lO"*  times  greater  then  the  projected  range  of  ions  in  the  irradiated  materials. 
The  effect  of  heating,  static  stress  and  radiation  enhanced  diffusion  in  [1,2]  was  precluded  by  decreasing  the  fluence  of 
20  keV  Ar"*"  and  ions  (which  caused  such  transformations)  down  to  5T0^^-10^^1/cm^  ,  the  thickness  of  iron-rich 
alloy  specimens  being  30-600  /im  and  with  good  heat  abstraction  ensured. 

Emphasizing  the  special  nature  of  this  new  type  of  transformations,  it’  should  be  noted  that  they  are  essentially 
opposed  to  the  destruction  of  the  narrow  subsurface  zone  under  ion  bombardment  or  to  the  increase  of  dislocation 
density  at  a  large  depth.  Indeed,  in  publications  already  mentioned  [1-3]  there  were  observed  ”long-range  effects” 
which  consisted  in  the  transition  of  deep-lying  layers  of  materials  (several  Rp  to  10^  -  10^  Rp)  into  a  more  ideal 
state,  approaching  that  of  an  equilibrium. 

This  paper  is  devoted  to  the  study  by  resistometry  technique  of  the  kinetics  of  phase  transitions  bcc  t — ^  fee 
and  (disorder  state)i — (long-range  atomic  order)  in  submillimeter  specimens  of  FeegNiai  and  Pd2AuFe,  first  with 
continuous  heating-cooling  in  the  absence  of  irradiation,  and  then  with  combined  action  of  heating  and  Ar"*"  irradia¬ 
tion  (Fe-Ni)  and  in  the  course  of  Ar+  irradiation  using  various  fluences  at  different  fixed  temperatures  (Pd-Au-Fe). 
All  measurements  of  resistivity  (p)  with  simultaneous  measurement  of  temperature  were  carried  out  in  situ.  For 
monitoring  the  depth  at  which  transformations  occur  use  was  made  of  X-ray  diffraction.  Diffraction  pictures  were 
taken  both  of  irradiated  and  non-irradiated  sides  of  specimens.  The  magnetic  state  was  monitored  by  transmission 
Mossbauer  spectroscopy  of  foils  30  pm  thick  made  from  investigated  plates  by  means  of  mechanical  and  electrolytic 
polishing. 

2.BCC1 — ^  FCC  PHASE  TRANSITION  INDUCED  BY  ION  BOMBARDMENT  IN 

ALLOY 

Measurements  were  made  in  situ  of  resistivity  of  FeegNiai  alloy  plates,  measuring  10x10x0.4  mm^  (cut  out  from 
the  same  plate)  ,  while  under  continuous  bombardment  by  an  Ar*^  (E=:20  keV,  J=80  pA/cm^)  ion  beam  with 
simultaneous  monitoring  of  temperature.  Before  irradiation  (after  being  held  in  liquid  nitrogen  at  -196®C)  the 
plates  had  bcc-structure  with  a  small  (5-10*/.)  residual  fcc-phase.  Resistivity  vs  temperature  (Fig.,  curves  1  and  2) 
practically  coincide  in  the  absence  of  ion  irradiation.  This  is  evidence  of  good  stability  of  the  initial  state  of  specimens 
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(their  components  and  phase  composition,  etc.).  The  temperatures  of  the  start  and  end  of  the  bcc  i fee  irradiation 
induced  phase  transitions  drop  by  about  50-60^C,  the  transition  temperature  interval  width  remaining  the  same. 
The  resistivity  values  of  the  fee  phase  formed  as  a  result  of  ion  irradiation  are  substantially  (on  the  average  by 
10-12y,)  higher  than  those  of  the  fee  phase  formed  by  ordinary  heating.  Ion  bombardment  also  leads  to  the  increase 
of  the  alloy  TRC  from  3.210"'^  up  to  3.610“^  //Ohm-m/K. 

The  change  of  p  and  TRC  can  be  explain  by  the  emergence  of  a  short-range  order  under  irradiation  (of  the  K-state 
type), 

Mossbauer  studies  of  foils  30  pm  thick  made  of  specimens  1,2  and  3  after  their  transition  to  the  fee  phase  and 
cooling  show  that  the  ion  bombardment  produces  a  substantial  effect  not  only  on  electrical,  but  also  on  magnetic 


properties  of  the  fee  phase  being  formed  (similar  to  [3]). 

Resistivity  /jOhm  ■  cm  S) 


Resistivity  /iOhm  ■  cm 
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Fig. Temperature  dependence  of  resistivity  of  Fee^Nisi  (a): 

1,  2  -  in  the  absence  of  irradiation; 

3  -  under  irradiation  by  Ar'^  ions  (E=20  keV,  j=80  pAJeiv?). 

Temperature  and  irradiation  depences  of  resistivity  Pd2AuFe  (b): 

1  -  thermal  curve  (  heating  and  cooling); 

2,  3,  4,  5,  6  -  heating,  irradiation  at  different  temperatures  and 
subsequent  cooling  (2,  3,  4,  5  -  Z)  =  1  •  10^’^1/cm^; 

6  -  T)  =  3  •  10^^1/cm2). 

3.EXCITATION  OF  THE  LOW-TEMPERATURE  ATOM  MOBILITY  AND  CHANGE  OF 
ELECTRICAL  PROPERTUES  OF  Pd^AuFe  ALLOY  INDUCED  BY  ION  BOMBARDMENT 

The  effect  of  Ar”^  ion  beams  (20  keV  and  j=:80-100  //A/cm^)  on  the  electrical  properties  of  ordering  alloys 
Pd2AuFe  was  studied.  Temperature  dependencies  of  resistivity  {p  (T))  of  Pd2AuFe  specimens  (10x10x0. Imm^) 
measured  both  with  the  usual  heating  without  ion  bombardment  (curve  1)  and  under  ion  bombardment  at  various 
fixed  temperatures  (curves  2-6)  are  presented  in  Fig.  The  usual  heating  of  specimens  up  to  temperatures  not 
exceeding  350^C  with  subsequent  cooling  does  not  bring  about  any  deviation  of  p  (T)  from  the  initial  dependence 
(curve  1).  Atom  niobility  is  stimulated  by  ion  bombardment  at  temperatures  below  the  diffusion  defreezing  threshold, 
this  being  confirmed  by  results  of  X-ray  diffraction  analysis:  a  long-range  atom  ordering  takes  place  in  irradiated 
Pd-Au-Fe  specimens.  The  emergence  of  superstructual  lines  was  clearly  observed  both  from  the  irradiated  and  the 
non-irradiated  sides  of  specimens.  An  exception  is  the  specimen  irradiated  at  210®C,  where  is  only  an  increase  of 
diffuse  X-ray  scattering  is  model,  this  showing  that  a  short-range  ordering  is  taking  place.  The  changes  in  the  atomic 
structure  and  properties  occur  at  depths  several  orders  of  magnitude  greater  than  the  projected  range  of  ions  having 
such  energies. 
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Mossbauer  investigation  shows  changes  not  only  in  the  electrical,  but  also  in  the  magnetic  properties  of  this  alloy. 
We  suggest  to  apply  the  ion  irradiation  effect  produced  on  and  TRC  (curve  5  demonstrates  a  practically  zero  value 
of  TRC  over  a  wide  temperature  range)  with  the  purpose  of  improving  the  electrical  characteristics  of  precision 
wirewound  resistors  made  of  Pd2AuFe  alloys,  in  particular,  to  enhance  their  temperature  stability. 

4.ABOUT  THE  INITIATION  MECHANISM  OF  SELF-SPREADING  PHASE 
TRANSFORMATIONS.  DISCUSSION. 


Theoretical  analysis  in  the  continuum  approximation  [4]  and  molecular  dynamic  method  [5]  have  shown  that  as  a 
result  of  evolution  of  atom  collision  cascades  in  a  substance  there  can  arise  shock  waves  which  on  propagating  into  the 
bulk  of  the  substance  attenuate  rapidly,  breaking  up  into  an  elastic  and  inelastic  components.  In  view  of  the  rapid 
attenuation  of  such  waves  their  emergence  cannot  explain  long-range  effects  observed  during  ion  bombardment.  For 
the  explanation  of  the  observed  phenomena  the  idea  may  be  advanced  that  with  a  given  ratio  of  medium  parameters 
and  the  wave  propagating  therein,  the  latter  can  became  undamped. 

Suppose  that  the  medium,  in  which  the  wave  propagates,  is  metastable  with  potential  barrier  energy  equal  to  Af, 
and  with  its  transition  to  the  stable  state  there  is  released  energy  AF.  In  certain  conditions  when  the  energy  density 
at  the  wave  front  £  g  ^  A  f  ,  it  is  possible  that  the  energy  of  the  wave  propagating  in  the  medium  will  be  fed  with 
energy  liberated  by  phase  transition  induced  by  such  a  wave.  Assuming  that  the  wave  front  propagates  together 
with  the  transformation  front,  we  can  instead  of  writing  the  usual  damping  equation 


write  down 


(1) 


de 

dC 


AF' 
kT  ’ 


(2) 


where  ^  for  the  plane  wave  and  /?  =  ^  ^  for  the  spherical  wave  {dV  =  Sdx  or  dV  =  Sdp),  x  and  p  are  wave 

front  coordinates,  V  is  the  wave  velocity,  e  =  is  the  energy  density  at  the  solitary  wave  maximum  ,  S  is  the  area 
of  wave  front,  ^  is  a  coefficient  taking  into  account  the  wave  form  (for  a  Gaussian  wave  form  k  —  «  1.06), 

r  is  the  width  of  the  solitary  wave  at  half-height,  AF'  is  the  energy  returned  to  the  wave  (AF  =  -AF'  is  the  change 
of  the  system  free  energy  when  it  passes  from  metastable  state  to  the  stable). 

The  solution  of  this  equation  for  a  plane  wave  (^  =  a;  ,  =  j-)  is  as  follows 


c{x)  = 


vAF'  , 
26kT 


26kT  ’ 


(3) 


when 

In  case  of  a  special  wave  the  solution  has  a  somewhat  more  complicated  form  ,  but  the  general  character  of  e{p) 
is  the  same  as  that  of  £:(a:)  .  The  most  interesting  case  is  when  e  >  Af  and  AF'  >  0  (i.e.  when  attenuation  is 
compensated  for  by  energy  released  as  a  result  of  transformation)  and  the  amplitudes  of  solitary  waves  become  self¬ 
regulating. 

With  e:  >  Q  (Q  =  ^^  )  the  wave  is  attenuated  not  down  to  zero  value,  but  to  Q  with  ^  oo,  while  with 
£  <  it  even  increases  in  the  limit  up  to  the  same  value  fi.  Any  fluctuations  in  the  wave  amplitude,  caused  by 
inhomogeneities  in  the  medium,  are  restored  automatically. 

We  shall  attempt,  basing  on  our  findings,  to  explain  some  regularities  in  the  transformations  induced  by  ion 
bombardment  in  alloys. 

In  iron-rich  alloys  of  the  Fe-Ni  system,  in  which  the  rate  of  components  at  t  <  500®C  is  extremely  low,  phase 
transformations  at  real  rates  of  heating  and  cooling  exhibit  a  mainly  diffusionless  martensitic-like  character  .  In  the 
ideal  case  bcc  \ — fee  transitions  on  heating  and  cooling  must  take  place  at  temperature  when  the  free  energies 
of  bcc  and  fee  phases  are  equal,  i.e,:  AF  =  AE-TAS  =  0,  and,  consequently,  Tq  =  AE/AS.  In  a  real  case  because 
of  contributions  (apart  from  chemical  energy  AE)  of  elastic  energy  AFg,  surface  energy  AFg,  magnetic  energy  AEm 
and  because  of  the  dependence  of  these  contributions  on  temperature  and  transformation  percent,  the  problem  gets 
more  complicated.  Phase  transitions  start  with  considerable  overcooling  ATi  =  (AFgi  -h  AF^i  -h  AF^i)/A5i  (on 
cooling)  and  considerable  overheating  AT2  =  {AEe2AAEs2.-\rAEm2)IAS2  (on  heating),  and  the  temperature  interval 
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becomes  extended  (  indices  1  and  2  correspond  to  the  direct  and  inverse  transformations,  respectively).  Overheated 
and  overcooled  phases  are  metastable  and  the  above  results  are  applicable  to  them. 

In  case  of  Fe-Ni  alloys  the  initiation  of  bcc  >  fee  transformations  by  ion  bombardment  requires  the  heating  of 
the  system  to  a  temperature  just  above  To  by  an  amount  6T  'C  ATi ,  when  the  bcc  phase  becomes  metastable  (i.e. 
AF'  =  —AF  >  0).  Hence,  the  necessary  and  sufficient  condition  for  the  initiation  of  self-spreading  phase  transition 
in  the  given  model  is  >  A/  .  Considering  that  initially  the  amplitude  of  generated  shock  waves  can  exceed  the 
theoretical  elasticity  limit  of  solids,  the  condition  Sq  >  Af  is  quite  real.  The  traveling  solitary  compression  wave 
can,  probably,  stimulate  bee  i — fee  transformations,  inasmuch  as  an  fee  lattice  can  be  obtained  from  a  bcc  one  by 
compression  of  the  latter  along  two  mutually  perpendicular  directions. 

The  initiation  of  phase  transitions  (disorder  state)  i — ►  (long-range  atomic  order)  in  Pd2AuFe  alloys  can  also  be 
explained  within  the  framework  of  the  proposed  model.  Let  us  suppose,  that  with  the  propagation  of  solitary  waves 
with  an  amplitude  sufficient  for  effecting  plastic  flow  of  material,  correlated  atom  restructuring  takes  place  at  their 
front,  leading  (because  of  differences  in  the  energies  of  pairwise  interactions  of  alloy  components)  to  an  increase  in 
the  degree  atomic  order.  In  this  case  the  energy  released  by  the  medium  and  returned  to  the  wave  is  given  by: 

n  p 

AF  «  ^ - At?;  (4) 

i=i 

where  771,772)  are  a  set  of  order  parameters  describing  atomic  ordering  (i.e.  characterizing  the  degree  of  long- 
range  atomic  order)  in  the  alloy.  With  the  passage  of  each  consecutive  wave  the  degree  of  long-range  order  in 
the  alloy  increases  by  a  certain  vector  Afj  ~  A771,  A?72, A77„,  this  corresponding  to  an  increment  of  free  energy 
AF'  =:  —AF  >  0.  With  the  approach  of  the  degree  of  perfection  of  atomic  order  to  its  maximum,  the  quantity  AF' 
apparently  decreases,  however  the  passage  of  each  separate  solitary  wave  does  not  create  a  scorched  zone  behind  it. 
It  should  be  kept  in  mind  that  for  the  complete  analysis  of  the  mechanism  of  generation  of  radiation-induced 
self-spreading  phase  transformations  it  is  necessary  to  solve  equations  in  hydrodynamics,  just  as  it  is  done  when 
solving  combustion  and  detonation  problems.  In  each  case  a  detailed  knowledge  of  the  state  of  the  medium  equation 
is  required. 
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ABSTRACT 

A  plasma  flare  generated  by  a  surface  discharge  on  a  target  in  vacuum  under  action  of  high  intensity  pulse 
microwave  (MW)  beam  may  become  a  new  tool  for  depositing  a  variety  of  materials  in  thin  film  form  and  for 
materials  processing.  Besides  well  known,  advantages  of  pulsed  MW  deposition  include:  (1)  convenience  and 
efficiency  of  the  MW  energy  remote  supply;  (2)  controllability  of  a  plasma  non  equilibrium  degree  and  ion  energy 
spectrum;  (3)  no  requirements  for  a  "working  gas,"  as  on  sputtering;  (4)  wide  choose  of  operating  regimes  -  both 
active  and  "afterglow"  regimes,  in  both  active  and  "post  discharge"  reactor  zones.  The  use  of  superpower  (~1GW) 
MW  generators  based  on  relativistic  electron  beams  will  give:  (5)  flexibility  in  a  process  scaling  and  possibility  of  a 
large  surface  treatment;  (6)  achievement  of  MW  intensities  up  to  10  MW/cm^,  typical  values  for  pulsed  laser 
deposition  techniques. 

The  present  report  consists  of  three  parts.  The  first  one  is  a  brief  review  of  experimental  works  accomplished  in 
MRT  Institute  and  devoted  to  a  study  of  nonlinear  interaction  of  strong  microwaves  (in  X-band  at  intensities  of  0.01- 
10  MW/cm^  and  pulse  duration  from  50-100  nsec  up  to  1-10  psec)  with  a  plasma  flare,  and  of  attendant  physical 
processes.  The  small  experimental  plasma  reactor  bench  is  described  in  the  second  part.  And  the  third  part  of  our 
report  reflects  the  first  qualitative  experiments  on  pulsed  microwave  deposition  of  thin  carbon  and  metal  films  on 
various  substrates.  Obtained  practical  results  and  technique  perspectives  are  discussed  in  detail. 

1.  INTRODUCTION 

There  is  no  doubt  that  pulsed  power  microwave  discharge  will  occupy  an  important  place  among  other  plasma- 
chemical  techniques  of  new  materials  creation.  Recent  experimental  investigations  devoted  to  applications  of  indicated 
discharges  in  gases' confirm  that  well.  For  instance,  the  authors’  were  the  first  to  carry  out  low-temperature  plasma 
reduction  of  such  hard  powdered  oxides  as  silica  and  alumina. 

This  is  especially  true  for  hard  films  deposition,  semiconductor  surface  etching  and  dopingm  vacuum  conditions. 
Such  a  technique  may  become  a  principally,  physically  novel  tool  in  the  field  of  advanced  materials  processing  and 
surface  plasma  treatment.  The  only  example:  Batanov,  Ivanov  et  al.^  have  performed  the  plasma  treatment  of  LiF 
crystal  surface  in  the  plasma  flare  of  pulsed  high-power  MW  discharge  in  vacuum.  New  advantages  and  a  good 
efficiency  of  the  process  were  achieved  in  their  experiments.  Thus,  plasma  flare  of  pulsed  high-power  MW  discharge 
on  a  target  surface  in  vacuum  is  of  great  interest  not  only  from  fundamental,  but  from  practical  view  point  as  well. 

The  main  process  characterizing  interaction  of  strong  microwaves  with  a  plasma  cloud  in  vacuum  is  the  creation 
of  so-called  plasma-resonance  layer  in  front  of  this  cloud  moving  toward  radiation  source.  This  phenomenon  has  been 
studied  extensively  in  General  Physics  Institute  and  is  fully  described  in  review  articles.  Ref.  4,5.  Notice  that 
generation  of  strong  Lengmuir  waves  and  following  electrons'  acceleraion  in  a  listed  plasma  resonance  region  cause 
an  effective  transformation  of  MW  energy  into  plasma,  creation  of  high  plasma  potentials,  and  production  of  ions  with 
energies  from  thermal  to  as  high  as  tens  keV.  The  last  is  of  more  direct  interest  to  us,  as  ion  source  for  thin  film 
deposition. 

Above  mentioned  experimental  investigation^’^  have  been  conducted  at  MW  intensities  J=  10-^100  kW/cm^  and 
pulse  duration  Xp  =  l-^-lOO  psec.  Recent  works,  performed  in  Moscow  Radiotechnical  Institute  with  super-power  MW 
generator  -  relativistic  carsinotron,  enabled  us  to  carry  out  analogous  experiments  at  MW  intensities  up  to  10  MW/cirf 
and  pulse  duration  Xp  =  504-100  nsec.®'®  In  particular,  we  have  observed  high  plasma  potentials  above  100  k\®>^  and 
very  effective  conversion  of  MW  energy  into  quasi-stationary  electric  currents?  New  results  confirm  the  validity  of 
considered  phenomenon  physical  model.'’ 
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Apparently  the  use  of  relativistic  MW  generators,  with  output  power  of  1-10  GW,  will  lead  to  production  of  high- 
energy  ion  electrodless  sources  for  deposition  and  other  beam  techniques.  But,  what  is  more  important,  high-power 
MW  generators  give  rise  to  a  technological  process  scaling  and  to  possibility  of  a  large  surface  treatment.  So,  the 
studies  of  new  plasma-deposition  techniques  at  "usual"  MW  intensities  of  1-10  kW/cn?  are  of  practical  interest  today. 

2.  EXPERIMENTAL  SETUP 

Experimental  equipment  used  in  our  investigations  is  schematically  depicted  in  Fig.  1.  It  consists  of  MW  source 
(magnetron  plus  its  pulse  modulator),  waveguide  with  accessories  (including  wave  rectifier,  directed  tap  -  for  testing 
an  incident  MW  power,  etc.),  focusing  dielectric  lens,  and  stainless-steel  vacuum  chamber  with  its  ancillaries. 
Operating  parameters  of  microwave  source  are  given  in  the  figure.  Pulse  repetition  rate  may  range  from  "0"  to  100 
Hz  depending  on  a  value  of  MW  pulse  duration  Xp.  Generator's  output  is  butted  with  rectangular  waveguide  (2.3  x  1.0 
cm^).  Besides  mentioned  accessories,  MW  transmission-line  is  also  supplied  with  a  pumping  up  system  for  rising 
waveguide  electrical  strength.  The  necessary  gauge  air  pressure  in  the  system  is  about  1. 5-2.0  atm. 
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Fig.  1.  Experimental  equipment  for  pulsed  microwave  deposition 

Focusing  polyethylene  lens,  of  25  cm  in  diameter,  is  placed  at  the  output  aperture  of  the  conic  horn.  The  lens 
forms  microwave  beam  with  cross-section  ~  2  x  6  cm^  in  focal  region;  longitudinal  caustic  is  of  8  cm  long.  Thus,  a 
maximum  MW  intensity  in  the  focus  is  approximately  equal  to  30  kW/crr?. 

The  construction  of  spherical  vacuum  chamber  and  auxiliary  equipment  are  readily  illustrated  in  Fig.l.  Holders 
of  the  target  and  substrates  are  made  of  quartz  or  kapron  tubes.  In  most  of  instances  we  have  used  erosion  plasma  gun 
being  fed  from  an  external  synchronized  high-voltage  source.  Gun  electrodes  and  a  target  itself  were  made  of 
materials  to  be  sputtered,  graphite,  titanium  and  others. 
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Vacuum  system  consists  of  various  type  pumps,  Fig.  1,  that  allows  to  work  both  in  high  vacuum  and  at 
intermediate  pressures  ranging  from  l(f3...10-i  to  above  100  Torr.  In  experimental  conditions  described  below, 
working  vacuum  in  the  system  was  about  10-5  Torr,  not  better.  It  is  caused  by  a  high  outgasing  rate  during  the 

sputtering  process.  .  . 

Diagnostic  instrumentation,  including  optic  and  X-ray  detectors,  construction  of  the  plasma  probe,  etc.,  is  similar 
to  that  used  in  cited  above  experimental  works.^’’  There  is  no  need  to  describe  our  diagnostics  more  detail. 

3.  FIRST  RESULTS  AND  DISCUSSION 

The  data  obtained  with  the  plasma  probe  experiments  are  presented  below,  Fig.  2  and  3.  Typical  oscilloscope 
pictures  of  MW  and  the  probe  voltage  pulses  are  depicted  in  Fig.  2.  There  is  a  time  delaytd  between  the  point  t  =  0 
and  the  beginning  of  the  probe  signal.  The  last  matches  with  the  beginning  of  MW  surface  breakdown  of  a  target;  and 
Td  depends  on  the  value  of  MW  intensity/,  Ref.9.  In  case  of  using  plasma  gun,  as  would  be  expected,  td  ^  0. 


Some  plasma  characteristics  measured  with  the  probe  are  shown  in  Fig.  3.  The  maximum  probe  potential, C/p  « 
1. 5-2.0  kV,  was  observed  at  non  inductive  load  equal  to  65±  15  Ohm.  The  outlined  value  C/p  is  in  a  good  agreement 
with  theoretical  predictions: 

eU^  ^  ^ ,  EQ=ylUz,  Z  =  1207t  [Ohm]  (1) 

^  2ti 

where  is  an  average  energy  of  "fast"  electrons  accelerated  in  the  plasma  resonance  regionf'^  and  the  plasma  non¬ 
uniformity  scale  /  ~  X.  Microwave  intensity  /  was  about  10-20  kW/cm^. 

Dependence  ti(/?l)>  the  efficiency  MW  energy  conversion  into  plasma  electron  fluxes,  was  calculated  with  the 
following  formula: 


—  f^'U^(t,RL)dt 

R, 


'  mw 


•^1 


(2) 


Corresponding  results  are  presented  in  Fig.  3b.  Changing  the  denominator  of  the  formula  (2)  to  “  '^d  )?  we 

will  obtain  r|  >  3  %.  It  is  quite  satisfactory  value  for  our  purposes  and  corresponds  to  using  external  pre-ionizing 
source,  the  listed  synchronized  plasma  gun. 

Now  consider  some  experimental  results  of  our  preliminary  attempts  of  films  deposition.  We  have  not  gotten  any 
satisfactory  products  in  case  of  applying  only  microwave  energy.  The  film  deposition  processes  took  place  under 
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indispensable  condition  of  using  both  MW  and  erosion  plasma  gun  energy  simultaneously.  This  fact  may  be  explained, 
first,  by  the  absence  of  an  effective  target  sputtering  under  action  of  MW  discharge  only.  On  the  other  hand,  erosion 
gun  itself  produces  "something"  being  difficult  to  call  "a  film".  Obviously,  there  is  a  certain  MW  "treatment"  of  the 
erosion  plasma  cloud  with  the  accompanying  formation  of  the  necessary  ion  energetic  spectrum. 

Some  metallic  (Cu,  Ti)  and  carbon  films  were  deposited  onto  silicon,  steel  and  quartz  substrates.  Besides  this,  the 
metal  sputtering  in  vacuum  and  the  following  treatment  of  a  metallic  film  in  a  gas-discharged  plasma  -  without 
breaking  the  process  -  permits  to  produce  some  more  chemical  complexes,  such  as  TiN  and  other  films. 

It  should  be  notice,  the  volume  structure,  quality  and  adhesion  forces  of  the  films  created  were  not  enough  good 
yet.  In  apparent,  the  reason  is  that  the  previous  qualitative  treatment  of  a  substrate  surface  and  an  external  substrate 
heater  are  a  prime  necessity.  But  the  use  of  an  external  heater  is  undesirable  from  the  viewpoint  of  technology 
perspectives,  id  est  of  a  process  scaling.  We  hope,  this  obstacle  will  be  overcome  with  an  increasing  of  MW  pulse 
repetition  rate  up  to  several  kilohertz.  The  last  may,  also,  give  such  a  possibility  as  to  exclude  the  erosion  gun  from  the 
technical  process  at  all. 

There  is  one  problem  else.  Saegner,  in  his  review  article  devoted  to  pulsed  laser  deposition  techniques?  has 
pointed  out  the  negative  role  of  target's  particulates  and  other  outside  impurities  leading  to  a  films'  quality  lowering. 
Possibly,  the  use  of  magnetic  separation  method,  of  external  bias  voltage  applied  to  substrate,  and,  mainly,  excluding 
of  an  erosion  plasma  source  will  help  to  "clean"  the  ion  fluxes  onto  substrates. 

Mentioned  in  Abstract  advantages  and  perspectives  of  the  new  deposition  technics,  considered  here,  and  our 
preliminary  results  are  sufficient  to  allow  definite  conclusions  and  stimulate  the  future  investigations. 
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ABSTRACT 

The  emerging  capability  to  produce  high  average  power  (5-250  kW)  pulsed  ion  beams  at  0.2-2  MeV  energies  is  enabling 
us  to  develop  a  new,  commercial-scale  thermal  surface  treatment  technology  called  Ion  Beam  Surface  Treatment  (IBEST). 

This  new  technique  uses  high  energy,  pulsed  (<100  ns)  ion  beams  to  directly  deposit  energy  in  the  top  2-20  micrometers  of 
the  surface  of  any  material.  The  depth  of  treatment  is  controllable  by  varying  the  ion  energy  and  species.  Deposition  of  the 
energy  with  short  pulses  in  a  thin  surface  layer  allows  melting  of  the  layer  with  relatively  small  energies  and  allows  rapid 
cooling  of  the  melted  layer  by  thermal  diffusion  into  the  underlying  substrate.  Typical  cooling  rates  of  this  process  (10  - 
10^®  K/sec)  cause  rapid  resolidification,  resulting  in  the  production  of  non-equilibrium  micros^ctures  (nano-crystalline 
and  metastable  phases)  that  have  significantly  improved  corrosion,  wear,  and  hardness  properties. 

We  have  conducted  IBEST  feasibility  experiments  with  results  confirming  surface  hardening,  nanocrystahne  gram 
formation,  metal  surface  polishing,  controlled  melt  of  ceramic  surfaces,  and  surface  cleaning. 

INTRODUCTION 

Recent  advances  in  high  average  power,  pulsed  ion  beam  systems  are  enabling  a  new  technology  to  achieve  rapid  melt  and 
resolidification  of  surfaces.  Researchers  at  Sandia  National  Laboratories  and  Cornell  University  have  developed  the  capability 
to  produce  5-250  kW  average  power  pulsed  ion  beams  at  0.2-2  MeV  energies  using  a  repetitively  pulsed  (up  to  120  Hz)  concept 
designed  for  long  component  lifetimes.  This  new  capability  is  enabling  us  to  develop  a  commercial-scale  thermal  surface 
treatment  technology  called  Ion  Beam  Surface  Treatment  (IBEST).  This  new  technique  uses  high  energy,  pulsed  (typically  <100 
ns)  ion  beams  to  directly  deposit  energy  in  the  top  2-20  micrometers  of  the  surface  of  any  material.  The  depth  of  treatment  is 
controllable  by  varying  the  ion  energy  and  species.  Deposition  of  the  energy  in  a  thin  surface  layer  (Figure  1)  allows  meltmg  or 
vaporization  of  the  layer  with  relatively  small  energies  (1-10  J/cm2  for  metal  surfaces)  and  allows  rapid  cooling  of  the  melted 
layer  by  thermal  diffusion  into  the  underlying  substrate.  Solidification  of  metals  at  the  cooling  rates  typical  of  this  process  (10  - 
lOlO  K/sec)  results  in  the  production  of  non-equilibrium  microstructures  (nano-crystalline  and  metastable  phases)  in  the  surface 
layer.  Experiments  with  both  laser  and  ion  beamsl'^  have  shown  that  surfaces  produced  by  this  rapid  thermal  quenchmg  have 
significantly  improved  corrosion,  wear,  and  hardness  properties. 


Figure  1.  Ion  BEam  Surface  Treatment  (IBEST)  uses  a  pulsed,  high  energy  (0.2-2  MeV)  ion  beam  to  deposit  energy  over  the  classical  ion 
range,  typically  2-20  microns,  in  a  surface,  raising  its  temperature  to  melt.  Thermal  diffusion  rapidly  (10  -10  K/sec)  cools  the  surface, 
leading  to  the  formation  of  amorphous  layers  and  the  production  of  non-equilibrium  microstructures  by  rapid  quenching. 

Ion  Beam  Surface  Treatment  (IBEST)  is  a  thermal  process  that  does  not  significantly  change  the  atomic  composition  of  the 
sample.  The  ion  pulse  rapidly  heats  a  thin  surface  layer  to  melt  using  typically  only  3xl0l3  ions  per  pulse.  Over  the  ion  range 
the  implanted  ion  concentration  is  less  than  lO'^atomic  percent.  The  short  pulse  length  allows  the  heated  depth  to  be  confined  to 
approximately  the  ion  range  by  limiting  the  effect  of  thermal  diffusion.  Thermal  diffusion  lengths  in  60  ns  are  1  and  4  microns 
in  stainless  steel  and  aluminum  respectively,  less  than  the  proton  range  in  the  materials  at  typical  IBEST  ion  energies  of  0.4-1 
MeV  The  use  of  a  new  Magnetically-confined  Anode  Plasma  (MAP)  ion  beam  system*  *-*4  described  later  allows  any  gas  ion 
to  be  used  to  deposit  energy  in  materials.  Protons,  having  the  largest  range  in  materials,  can  provide  relatively  deep  treatment 
ranging  from  5-15  microns  in  aluminum  for  energies  of  0.5  to  1  MeV  respectively. 
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The  effects  of  Ion  Beam  Surface  Treatment  are  similar  to  surface  treatment  using  pulsed  lasers  but  IBEST  technology 
provides  unique  capabilities  that  allow  it  to  avoid  many  problems  intrinsic  to  laser  technology  including  energy  coupling  to 
metals,  edge  effects,  and  high  cost  due  to  its  in-depth  energy  deposition,  large  energy  per  pulse,  and  the  low  capital  cost  of 
hardware. 

The  energy  coupling  of  ion  beams  to  a  material  is  independent  of  the  surface  preparation  and  only  weakly  dependent  on 
the  actual  material.  The  availability  of  a  clean,  single  species  ion  source  opens  up  new  areas  for  metal  studies,  especially  in 
the  solidification  behavior  of  simple  alloys.  Thermal  quench  rates  and  the  corresponding  solidification  velocities  can  be 
controlled  by  varying  the  beam  energy  and  the  ion  species. 

The  typical  area  treated  by  a  single  IBEST  pulse  ranges  from  100-1000  cm^  depending  on  the  application.  This 
capability  and  our  new  repetitive  pulse  technology  are  key  elements  enabling  high  volume  commercial  applications. 

Results  Of  Initial  Experiments 

IBEST  experiments  have  been  performed  on  several  facilities  including  Sandia’s  Repetitive  High  Energy  Pulsed  Power 
(RHEPP)  facility,  Cornell  University’s  LION  accelerator,  and  LANL's  Anaconda  accelerator.  These  experiments  are  supported 
by  an  integrated  team  of  researchers  in  pulsed  power,  beam  physics,  and  materials  science  from  Sandia  National  Laboratories, 
Cornell  University,  Los  Alamos  National  Laboratories,  and  the  UNM/LANL/SNL  Advanced  Materials  Laboratory.  Single  pulse 
and  bust-mode  tests  at  1/3  Hz  have  been  used  to  produce  initial  treated  samples  while  hardware  for  full  scale  repetitive  operation 
is  being  optimized.  Results  from  initial  analysis  confirm  surface  hardening,  amorphous  layer  and  nanocrystaline  grain  size 
formation,  metal  surface  polishing,  controlled  melt  of  ceramic  surfaces,  surface  cleaning  of  hydrocarbon  layers  from  304 
stainless  steel,  oxide  layer  removal,  and  corrosion  resistance. 

These  initial  experients  clearly  demonstrate  the  ability  of  Ion  Beam  Surface  Treatment  to  significantly  modify  the  properties 
of  materials.  The  ion  source  for  all  of  these  initial  experiments  was  a  ’’flashover”  source  which  produces  a  mixed  species  ion 
beam.  Other  experiments^^  at  Cornell  University  using  this  ion  source  have  indicate  that  these  beams  are  made  up  of 
approximately  half  H"^  ions  and  half  heavier  ions,  predominantly  and  Future  experiments  will  be  done  using  the  new, 
single  species.  Magnetically-confined  Anode  Plasma  ion  source  described  later  in  this  article.  The  following  sections  describe 
some  of  our  initial  experiments  in  more  detail. 

Treatment  O- 1  tool  steel 

These  samples  were  treated  using  Cornell  University's  LION  accelerator  (1  MeV,  4Q,  40ns  FWHM).  The  ion  energy 
during  the  FWHM  of  the  power  pulse  varied  from  approximately  0.5-1  MeV.  The  ion  energy  delivered  to  the  surface  was 
approximately  10  (+/-  30%)  J/cm^  as  measured  by  biased  and  apertured  ion  collectors  and  the  load  voltage  monitor.  The 
samples  were  located  approximately  25  cm  from  the  beam  system.  Treatment  was  done  at  a  vacuum  level  of  approximately 
2xl0‘4torr. 


Figure  2.  This  cross  sectional  view  of  an  0-1  tool  steel  sample 
shows  the  effects  of  rapid  surface  melting  and  cooling  by  a  50  ns,  10 
J/cm^,  0.5-1  MeV  mixed  proton  and  carbon  beam. 


Cross-sections  of  IBEST-treated  0-1  tool  steel  samples  were  examined^  ^  using  an  optical  microscope  as  well  as  cross- 
sectional  and  plan  view  Transmission  Electron  Microscopy  (TEM).  An  optical  micrograph  of  the  cross-section  of  an 
IBEST-treated  sample  is  shown  in  Figure  2.  The  near-surface  several  microns  of  the  sample  were  featureless.  In  contrast. 
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the  underlying  untreated  tool  steel  material  had  an  equilibrium  structure  composed  of  a-Fe  (bcc-iron)  and  large  iron 
carbides.  The  results  of  the  optical  metallography  evaluation  suggested  that  the  iron  carbides  in  the  treated  region  had  been 
largely  redissolved  into  the  bcc-iron  matrix.  The  TEM  examination  of  the  IBEST-treated  0-1  tool  steel  sample  revealed 
that  the  near  surface  region  of  the  sample  was  composed  of  microcrystalline  grains  approximately  20  nm  in  diameter. 
Hardness  testing  on  the  0-1  tool  steel  samples  was  performed  using  a  Shimadzu  microindentation  hardness  tester.  Knoop 
indentations  were  made  using  a  25  gr  load  on  the  knoop  tip  yielding  a  Knoop  hardness  (Hj^)  of  =  900  for  the  treated 
surface  and  =  330  for  the  untreated  surface  of  0-1  tool  steel. 

Both  the  optical  metallography  and  TEM  results  indicate  that  carbon  was  dissolved  into  the  Fe  matrix  during  the  pulsed 
beam  treatment.  The  kinetics  of  the  iron  carbide  dissolution  process  during  heating,  melting,  and  resolidification  were 
apparently  more  rapid  than  the  kinetics  required  for  carbide  reprecipitation  during  cooling.  The  presence  of  FeO  in  the 
treated  layer  suggests  that  oxide  was  incorporated  into  the  layer  from  the  oxidized,  untreated  surface  when  melting  occurred 
during  treatment.  Oxygen  may  also  have  been  incorporated  during  melting  from  the  background  gasses  in  the  treatment 
chamber. 

Polishing  of  Ti-6A1-4V 

In  other  experiments  we  treated  Ti-6A1-4V  on  the  Anaconda  accelerator  (400kV  peak  voltage,  40  kA  total  current,  500 
ns  pulse  duration)  at  a  treatment  level  of  7  J/cm^  (+/-  30%)  at  250-400  keV  using  a  400  ns  ion  pulse.  The  surfaces  were 
treated  using  4  pulses  separated  by  at  least  5  minutes  between  pulses.  The  untreated  and  treated  surfaces  are  shown  in 
Figure  3.  The  surface  roughness  of  the  untreated,  machined  surface  was  approxmately  5  microns.  IBEST  treatment  resulted 
in  a  reduction  of  roughness  to  0. 1  micron.  The  energy  deposited  in  the  top  3-4  microns  of  the  near  surface  region  in  these 
experiments  was  more  than  sufficient  to  raise  the  temperature  to  the  melting  point  and  was  likely  large  enough  to  cause 
some  ablation  of  the  surface.  The  time  the  surface  was  above  the  melting  point  can  be  roughly  estimated  from  the  energy 
deposition  profile  and  the  calculated  thermal  diffusion  properties  of  the  material  to  be  250-500  ns. 


Figure  3.  IBEST  treatment  of  a  Ti-6A1-4V  machined  surface  (top)  treated 
with  4  pulses  of  a  400  ns  duration,  7  J/cm^  mixed  proton  and  carbon  beam 
demonstrates  significant  surface  smoothing  to  a  0. 1  micron  scale  roughness. 


Corrosion  resistance 

Initial  corrosion  resistance  studies  have  been  performed  on  the  RHEPP  facility  at  Sandia  National  Laboratories.  In  this 
work,  samples  were  treated  using  a  700  keV,  60  ns,  mixed  proton-carbon  beam  at  2-3  J/cm^.  Corrosion  resistance  of  the 
treated  aluminum  alloy  surfaces  has  been  assessed  by  electrochemical  testing  and  by  salt  spray  exposure  testing.  Treated 
alloys  tested  thus  far  include  2024-T3  (Al-4.4Cu-l.5Mg-0.6Mn),  6061-T6  (Al-l.0Mg-0.6Si),  and  7075-T6  (Al-5.6Zn- 
2.5Mg-1.6Cu).  Electrochemical  tests  used  include  anodic  polarization  and  electrochemical  impedance  spectroscopy  (EIS) 
conducted  in  an  areated  aqueous  0.5M  NaCl  solution.  Exposure  testing  has  been  conducted  at  controlled  temperatures  in  a 
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saturated  salt  fog  environment  per  ASTM  B1 17.  Anodic  polarization  of 2024-T3  has  shown  that  passive  current  densities 
are  reduced  and  pitting  potentials  are  shifted  to  more  positive  potentials  indicating  improved  resistance  to  localized 
corrosion.  Figure  4  illustrates  these  results. 


Figure  4.  A  168  hour  salt  fog  test  (ASTM  B1 17)  of  untreated  and  treated  samples  of  Aluminum  2024-T3  shows  resistance  to  pitting  due 
to  IBEST  treatment. 

Controlled  melt  and  resolidification  of  alumina  surface 

On  the  LION  accelerator  at  Cornell  University  we  treated  a  polished  AI2O3  sample  with  a  single  pulse  at  a  level  of  10- 
20  J/cm^  to  demonstrate  controlled  melt  and  resolidification.  The  result  is  shown  in  Figure  5.  This  technique  shows 
promise  for  surface  porosity  reduction  but  also  shows  some  microcracking  on  a  0.1  micron  scale. 

Before  After 


Figure  5.  This  alumina  sample  was  treated  using  a  single  pulse,  0.6-1  MeVmixed  proton  and  carbon  beam  at  10  J/cm^.  The  result  shows 
controlled  melt  and  resolidification  of  the  ceramic  surface  without  serious  problems  although  some  0.1  micron  scale  cracking  was 
observed.  The  width  shown  is  100  microns. 

Enabling  Technologies  For  IBEST 

Until  recently  pulsed  ion  beams  have  not  been  considered  a  viable  technology  for  routine  materials  processing 
applications  because  of  their  inability  to  deliver  the  multi-kilowatt  average  powers  with  long  component  lifetimes  needed 
for  commercial  processing  applications.  During  the  past  few  years  there  has  been  significant  progress  in  two 
complementary  technologies  that  now  enable  the  design  of  5-500  kW  average  power,  >10^  shot  lifetime  ion  beam  surface 
treatment  systems  for  materials  processing. 

The  first  of  these  advances  is  the  development  of  a  compact,  electrically  efficient,  repetitively  pulsed,  magnetically 
switched  pulsed  power  system  capable  of  10^  pulse  component  lifetimes.  This  prototype  system,  the  Repetitive  High 
Energy  Pulsed  Power  (RHEPP)  facility^^  (0.8  MV  matched  voltage,  35Q,  60  ns  FWHM  pulse  duration,  120  Hz  repetition 
jfrequency),  began  operation  this  year  at  Sandia  National  Laboratories.  This  new  facility,  the  first  of  its  kind  in  the  world,  is 
designed  to  operate  continuously  at  120  Hz,  delivering  150kW  average  power.  This  system  has  demonstrated  operation  at 
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50%  electrical  efficiency  from  the  wall  plug  to  energy  delivered  to  a  matched  load.  RHEPP  is  also  designed  to  allow 
operation  at  reduced  pulse  rates  or  in  single  pulse  mode  if  desired.  Its  capability  to  efficiently  produce  high  average  power, 
high  voltage  electrical  pulses  using  a  compact  design  is  a  breakthrough  for  the  commercial  application  of  pulsed  power. 

The  second  advance  is  an  ion  beam  system  that  is  capable  of  operating  repetitively  and  efficiently  to  transform  the 
pulsed  power  of  RHEPP  into  an  ion  beam.  An  ion  beam  system  capable  of  operating  at  repetitive  pulse  rates  of  100  Hz  in 
10  pulse  burst  mode  (active  cooling  was  not  part  of  the  design)  was  demonstrated^^  at  the  Cornell  University  Laboratory  of 
Plasma  Studies.  An  improved  version  of  this  system  is  now  being  fielded  on  the  RHEPP  facility  at  Sandia  for  operation  in 
burst  mode.  This  system,  the  Magnetically-confined  Anode  Plasma  (MAP)  ion  source,  shown  in  Figure  6,  is  based  on  the 
concept  of  drawing  ions  from  a  single  species  plasma  anode  rather  than  the  solid,  fiashover  anode  used  in  standard  single 
pulse  ion  beam  systems.  The  plasma  can  be  formed  from  any  gas  ion. 

The  MAP  ion  beam  system  produces  an  annular  beam  which  is  brought  to  a  broad  focus  symmetric  about  the  axis  shown 
in  the  figure.  In  the  cathode  (ground  potential)  electrode  assembly  (A),  slow  (100  ps  risetime)  magnetic  field  coils  (B) 
produce  magnetic  flux  which  provides  the  magnetic  insulation  of  the  accelerating  gap  between  the  cathode  and  the  anode 
(high  voltage)  electrode  assembly  (C)  connected  to  the  output  of  the  RHEPP  generator.  The  ion  source  that  supplies  ions  to 
the  accelerating  gap  is  contained  within  the  anode  assembly.  The  MAP  source  operates  in  the  following  way:  a  fast  gas 
valve  (D)  on  the  axis  of  the  anode  assembly  produces  a  rapid  (200  ps)  gas  puff  which  is  delivered  through  a  supersonic 
nozzle  (E)  to  produce  a  highly  localized  volume  of  gas  (F)  directly  in  front  of  the  surface  of  a  fast-driving  coil  (G)  located  in 
an  insulating  support  structure  (H).  After  preionization  by  a  1  ps  induced  electric  field,  the  fast  coil  is  energized,  inducing  a 
loop  voltage  of  20  kV  on  the  gas  volume,  driving  a  breakdown  to  full  ionization,  and  moving  the  resulting  plasma  toward 
the  flux-excluding  anode  field-shaping  electrodes  (C)  in  about  1.5  ps,  to  form  a  thin  magnetically-confined  plasma  layer. 
The  RHEPP  pulse  is  then  applied  to  the  anode  assembly,  accelerating  ions  from  this  plasma  layer  to  form  the  ion  beam.  The 
magnetic  flux  surfaces  (J)  at  the  time  of  beam  extraction  are  shown.  The  beam  propagates  in  vacuum  to  a  broad  focal  area 
at  the  target  plane  at  the  right  of  the  figure,  where  material  samples  are  placed  for  treatment. 


Figure  6.  MAP  Ion  Diode  for  RHEPP.  The  eathode  assembly  (A)  with  slow  magnetie  field  coils  (B);  the  anode  electrodes/magnetic  flux 
shapers  (C);  the  fast  gas  valve  (D);  the  gas  nozzle  (E);  the  gas  breakdown  and  plasma  formation  region  (F);  the  fast-driving  magnetic  field 
coil  (G)  in  the  insulation  support  structure  (H),  the  magnetic  flux  of  the  slow  and  fast  coils,  as  they  are  at  the  time  of  the  RHEPP 
accelerating  pulse  (J);  the  ion  beam  propagation  direction  to  the  material  target  (K). 

Conclusions 

We  have  demonstrated  that  Ion  Beam  Surface  Treatment  (IBEST)  can  significantly  alter  the  microstructures  of  the  near 
surface  region  of  materials  and  thus  the  material  properties.  The  effects  of  IBEST  include  hardening,  corrosion  resistance, 
polishing  and  cleaning.Initial  results  from  these  experiments  indicate  that  IBEST  can  provide  new  capabilities  for  cost-effective 
surface  treatment  for  a  variety  of  applications. 


SPIE  Vol.  2259  /  6  ?  7 


Acknowledgments 

Our  Ti-6A1-4V  smoothing  experiments  were  conducted  on  the  Anaconda  accelerator  at  Los  Alamos  National  Laboratory 
with  the  assistance  of  D.  Rej,  and  W.  Waganaar. 

References 

L  E.  M.  Breinan,  B.  H.  Kear,  L.  E.  Greenwald,  and  C.  M.  Banas,  "Laser  Glazing,  a  New  Process  for  Production  and 
Control  of  Rapidly  Chilled  Metallurgical  Microstructures,"  Lasers  in  Modem  Industry.  (Dearborn,  Michigan  1979),  147- 
166. 

2.  H.-W.  Bergmann,  B.  L.  Mordike,  "Laser  and  Electron-Beam  Melted  Amorphous  Lavers."!.  Mat.  Sci..  (1981),  863-869. 

3.  R.  Fastow,  "Pulsed  Ion  Beam  Surface  Modification  of  Materials",  Ph.D.  thesis,  Cornell  University,  1985. 

4.  R.  Rastow,  Y.  Maron,  and  J.  Mayer,  "Pulsed  ion  beam  melting  of  silicon",  (Phys.  Reb.  B,  31,893  (1985) 

5.  G.  E.  Remnev,  and  V.  A.  Shulov,  "Practical  Applications  of  High-Power  Ion  Beams,"  9th  International  Conference  on 
High-Power  Particle  Beams.  Washington,  D.C.,  5/25-29,  1992. 

6.  S.  A.  Chistjakov,  A.  M.  Gagarin,  R.  G.  Koishibaev,  Yu  Yu  Rjuchkov,  V.  A.  Kuzminikh,  V.  M.  Milutin,  V.  A.  Pirogov, 

V.  A.  Perov,  A.  D.  Pogrebnjak,  S.  V.  Plotnik,  G.  E.  Remnev,  Yu  G.  Rusin,  and  V.  P.  Janovskii,  "Ion  Mixing  of  Near  Surface 
Layers  in  Au-Cu,  Cu-Mo  Systems  Irradiated  by  HPIB,"  Physics  Letters.  Vol.  131,  No.  1,  8/1,  1988,  73-77. 

7.  V.  L.  Kutuzov,  M.  Yu.  Ovsyannikov,  I.  G.  Romanov,  A.  D.  Pogrebnk,  and  G.  E.  Remnev,  "Mechanical  and  Frictional 
Properties  of  Tool  Steels  Exposed  to  HPIB  Irradiation,"  Mechanical  and  Frictional  Properties  of  Tool  Steels.  1 1/8,  1988, 
361-364. 

8.  Y.  Shimotori,  M.  Yokoyama,  H.  Isobe,  S.  Harada,  K.  Masugata,  K.  Yatsui,  JAP  63,  968  (1988). 

9.  TRIM-90.05,  J.  Ziegler  and  J.  Biersack 

10.  H.  C.  Harjes,  K.  J.  Penn,  K.  W.  Reed,  C.  R.  McClenahan,  G.  E.  Laderach,  R.  W.  Wavrik,  J.  L.  Adcock,  M.  E.  Butler,  G. 
A.  Mann,  G.  E.  Pena,  G.  J.  Weber,  D.  VanDeValde,  L.  E.  Martinez,  D.  Muirhead,  P.  D.  Kiekel,  D.  L.  Johnson,  E.  L.  Neau, 
"Initial  results  from  the  RHEPP  module",  Proc.  9th  Int.  Conf  on  High  Power  Particle  Beams.  Washington  D.C.,  May  25-29, 
1992,333-340. 

11.  J.  B.  Greenly,  M.  Ueda,  G.  D.  Rondeau  and  D.  A.  Hammer,  "Magnetically  Insulated  Ion  Diode  with  a  Gas-Breakdown 
Plasma  Anode,"  J.  Appl.  Phys  63,  1872  (1988). 

12.  J.  B.  Greenly,  L.  Brissette,  A.  Dunning,  S.  C.  Glidden,  D.  A.  Hammer  and  W.  A.  Noonan,  "Plasma  Anode  Ion  Diode 
Research  at  Cornell:  Repetitive  Pulse  and  0.1  TW  Single-Pulse  Experiments,"  Proceedings  of  the  8th  Inti.  Conf  on  High 
Power  Particle  Beams,  B.  N.  Breizman  and  B.  A.  Knyazev,  Eds.,  Novosibirsk,  1990  (World  Scientific),  p.  199. 

13.  W.  A.  Noonan,  Ph.D.  thesis,  Cornell  University,  1993. 

14.  M.  Ueda,  J,  B.  Greenly,  G.  D.  Rondeau  and  D.  A.  Hammer,  Rev.  Sci.  Instr.  64(10),  2737  (1993). 

15.  G.  Rondeau,  Ph.D.  Thesis,  Cornell  University,  1989. 

16.  J.  H.  Scofield,  J.  Electron  Spectroscopy  8,  129  (1976). 

17.  D.  J.  Rej,  R.  R.  Bartsch,  H.  A.  Davis,  R.  J.  Fael,  D,  C.  Gautier,  J.  B.  Greenly,  I.  Henins,  T.  W.  Linton,  R.  E. 
Muenchausen,  W.  J.  Waganaar,"  Intense  Ion  Beam  Research  at  Los  Alamos",  Proceedings  of  the  9th  Inti.  Conf  on  High- 
Power  Beams,  David  Mosher  and  Gerald  Cooperstein,  Eds.,  Washington  D.  C.,  1992  (NTIS  PB92-206168) 

18.  R.  W.  Stinnett,  R.  G.  Buchheit,  F.  A.  Greulich,  C.  R.  Hills,  A.  C.  Kilgo,  D.  C.  Mclntrye,  J.  B.  Greenly,  M.  O. 

Thompson,  and  D.  J.  Rej,  "Thermal  Surface  Treatment  Using  Intense,  Pulsed  Ion  Beams,"  Accept,  for  pub.  in  JMRS. 


618/5PIE  VoL  2259 


The  atomic  structure  and  phase  state  of  quenched  FePd2Au  alloy  after  bombardment  by  Ar  ions 

E.F.  Talantsev,  N.N.  Syutkin,  V.V.  Ovchinnikov  and  V.I.  Chernoborodov 

Institute  of  Electrophysics,  Urals  Division  of  the  Russian  Academy  of  Sciences 
34,  Komsomolskaya  Str.,  GSP-387,  Ekaterinburg,  620219,  Russia 

ABSTRACT 

Field  ion  microscopy  techniques  have  been  used  to  investigate  the  atomic  structure  of  quenched 
FePdsAu  alloy  before  and  after  bombardment  by  Ar"^  ions  (ion  energy  E=20  keV,  fluence  D=2‘10^^ 
ions/cm^).  It  has  been  confirmed  that  ion  bombardment  induces  a  “disorder-order”  phase  transfor¬ 
mation  in  a  subsurface  layer  more  than  20  fim  deep. 

1,  INTRODUCTION 

The  modification  of  surfaces  of  metals  and  alloys  by  beams  of  accelerated  ions  can  initiate  various 
types  of  structural  phase  transformations  [1].  The  physical-and-chemical  processes  running  in  a  thin 
surface  layer  of  a  solid  bombarded  by  ions  have,  as  a  rule,  a  destructive  character.  This,  in  particular, 
can  lead  either  to  a  partial  or  a  full  amorphization  of  the  crystal  lattice  in  the  thin  surface  layer 
having  a  thickness  of  several  ion  projective  ranges  [1].  It  was  reported  [2,3]  that  in  Fe-Al  and 
FePd2Au  alloys  under  ion  bombardment  the  entire  bulk  of  the  crystal  (excluding  the  said  surface 
layer)  undergoes  a  phase  transformation  of  the  ” disorder  -  order”  type. 

X-ray  diffraction  studies,  as  well  as  measurements  of  resistivity  of  FePd2Au  in  situ  directly  un¬ 
der  ion  bombardment  [3]  have  led  to  the  conclusion  that  in  a  disordered  FePd2Au  alloy  under  ion 
bombardment  there  takes  place  a  phase  transformation  of  the  atomic  ordering  type  (this  may  be 
considered  as  improvement  of  alloy  structure  under  ion  bombardment).  According  to  [3]  the  alloy 
gets  ordered  to  a  depth  of  up  to  several  hundreds  of  micrometers,  this  exceeding  the  calculated  pro¬ 
jective  range  of  Ar+  ions  in  FePd2Au.  Ordering  under  ion  bombardment  proceeds  at  temperatures 
below  the  threshold  diffusion  defreezing  temperature  T/  (i.e.  that  temperature  below  which  the 
diffusion  coefficient  is  so  small  that  any  noticeable  diffusion  atom  restructuring  during  meaningful 
intervals  of  time  are  impossible). 

In  this  investigation  we  have  attempted  to  identify  the  phase  state  and  carry  out  by  means 
of  an  ultramicroscopic  technique  -  field  ion  microscopy  (FIM)  [4]  a  detailed  study  of  the  atomic 
structure  of  quenched  FePd2Au  alloy  before  and  after  ion  bombardment.  The  use  of  FIM  ensures 
the  acquisition  of  data  on  the  three-dimensional  structure  of  metals  and  alloys  [4],  as  well  as  of 
metal-oxide  superconductors  [5]  at  individual  atom  level.  Micro-volumes  of  FePd2Au  alloy  which 
were  at  least  several  ion  projective  ranges  (0.3  -  25  fim)  away  from  the  irradiated  surface  were 
investigated. 


2.  EXPERIMENTAL 

Ordering  processes  in  disordered  alloys  of  the  FePda^^^Au^:  system  begin  to  run  at  temperatures 
above  T=  690  K.  Ion  bombardment  leads  to  an  increase  in  atom  mobility  in  FePd2Au  alloy  so  that 
the  emergence  of  an  ordered  phase  is  possible  in  the  temperature  interval  T=  493-673  K  [3]. 
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In  this  investigation  the  following  ion  bombardment  regime  was  chosen:  the  target  was  heated  by 
means  of  a  microheater  to  T=  475-461  K,  then  acted  on  by  Ar"*"  ions  (E=  20  keV).  The  ion  current 
density  was  adjusted  so  that  the  temperature  of  the  target  in  the  course  of  the  bombardment  was 
maintained  within  598-608  K.  The  integral  radiation  dose  was  0=  (2.2-2.3)10^^  ions/cm^  . 

The  technique  of  FIM  investigations  practically  did  not  differ  from  the  traditional  one:  the 
initial  specimens  of  the  disordered  FePd2Au  alloy  were  first  certified  in  a  field  ion  microscope,  then 
subjected  to  ion  bombardment  and  after  this  studied  by  FIM. 

Needle  emitters  were  made  from  FePd2Au  wire  blanks  (diameter  0.1  mm)  which  underwent 
thermal  treatment  :  T  =  1273  K  -  1  h,  quenching  in  water.  Electrochemical  polishing  at  U  =  3-7 
V  dx.  in  a  10%  solution  of  HCIO4  in  ethylene  glycol  monobutyl  ether  yielded  needle  emitter  with 
the  required  radius  of  curvature  at  the  tip  apex  (R  =  10-100  nm). 

After  having  been  certified  in  a  field  ion  microscope  the  FePd2  Au  needle  emitters  were  welded  to 
a  nickel  holder  in  the  measuring  cell  and  the  whole  was  placed  in  the  ion  implantation  setup.  The 
ion  beam  was  directed  perpendicular  to  the  axis  of  the  tip  emitters.  The  temperature  of  the  nickel 
holder  was  measured  to  within  +  1.5  K.  A  thermostat  was  used  to  set  the  initial  temperature  of  the 
nickel  holder  to  within  +  3.0  K  in  the  range  T  =  313  -  673  K  [3]. 

The  ion  source  based  on  reflex  discharge  with  a  hollow  cold  cathode  ensured  a  continuous  Ar*^ 
ion  beam  with  E  =  20  keV  and  current  density  within  J  =  50-150  mA/cm^. 

3.  RESULTS  AND  DISCUSSION 

FIM  images  of  quenched  FePd2Au  alloy  are  characterized  by  irregular  ion  contrast  typical  of  the 
disordered  state  (Fig.l).  The  sequence  of  (HKL)  faces  showing  up  in  the  ion  micrographs  in  the 
decreasing  order  of  morphological  prominence  is  as  follows:  (111),  (002),  (022),  (113),  etc.,  which  is 
typical  of  fee  lattice. 

The  ion  contrast  of  irradiated  FePd2Au  alloys  is  qualitatively  different  from  that  of  quenched 
alloys  (Fig.  2).  FIM  images  show  a  high  regularity  of  ion  contrast.  The  highest  prominence  is 
exhibited  by  (001)  face,  then  follow  dodecahedron  (Oil),  octahedron  (111)  faces,  etc  (Fig. 2).  On  the 
whole  ion  micrographs  of  FePd2Au  after  ion  bombardment  correspond  to  micrographs  of  ordered 
alloys  and  intermetallic  compounds  having  the  LI2  superstructure  (for  example,  PtsCo  [4]). 

The  emergence  of  a  superstructure  in  an  irradiated  FePd2Au  alloy  is  also  confirmed  by  trans¬ 
mission  electron  microscopy  investigations  of  tip  emitters  (Fig. 3). 

Families  of  superstructural  planes  (for  example,  (001),  (011))  are  imaged  in  FIM  micrographs  in 
the  form  of  alternating  bright  and  dim  rings,  which  correspond  to  the  edges  of  single  atom  (HKL) 
planes  packed  chemically  with  different  atoms.  Crystallographic  analysis  of  ion  contrast  has  revealed 
that  predominantly  palladium  and  gold  atoms  show  up  in  the  ion  images  (i.e.  iron  atoms  occupying 
one  of  four  simple  cubic  lattices  in  the  LI2  superstructure  are  not  visible  in  the  micrographs). 

The  main  superstructural  defects  in  the  irradiated  FePd2Au  are  antiphase  domain  boundaries. 
The  registered  antiphase  boundaries  practically  always  lie  in  cubic  (100)  planes,  this  being  typical 
of  antiphase  boundaries  of  thermal  origin  in  theTl2  superstructure  [6]. 

The  irradiated  needle  specimens  were  subjected  to  controlled  electrochemical  polishing  and  then 
examined  in  a  field  ion  microscope  with  the  purpose  of  evaluating  the  depth  at  which  the  phase 
transformation  takes  place.  No  disordered  phase  was  revealed  in  the  bulk  of  the  needle  emitters. 
Preliminary  estimates  permit  us  to  assert  that  the  depth  down  to  which  the  FePd2Au  alloy  gets 
ordered  under  ion  bombardment  exceeds  20  pm. 
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4.  CONCLUSIONS 


1.  It  has  been  established  that  under  ion  bombardment  a  phase  having  long-range  order  emerges 
in  a  disordered  alloy.  The  phase  transformation  occurs  at  temperatures  below  the  threshold  diffusion 
defreezing  temperature  T/ . 

2.  The  phase  transformation  induced  by  ion  bombardment  extends  to  a  depth  exceeding  20  fJLin. 

5.  ACKNOWLEDGEMENTS 

The  authors  wish  to  thank  L.N.  Tyulenyev  for  the  specimens  they  kindly  supplied  and  A. Yu. 
Volkov  for  help  in  the  transmission  electron  microscopy  investigations.  The  help  of  Mr.  B.V.  Holin 
in  the  preparation  of  this  manuscript  is  very  appreciated.  This  work  was  supported,  in  part,  by  a 
Soros  Foundation  Grants  awarded  by  the  American  Physical  Society. 

6.  REFERENCES 

1.  H.  Ryssel  and  I.  Ruge,  Ion  Implantaiion^  John  Wiley  &  Sons,  New  York,  1986. 

2.  Yu.E.  Kreindel  and  V.V.  Ovchinnikov,  ”  Structural  transformations  and  long-range  effect  in 
alloys  caused  by  gas  ion  bombardment,”  Vacuum^  Vol.  42,  pp.  81-83,  1991. 

3.  Yu.G.  Ignatenko,  V.I.  Chernoborodov  and  V.V.  Ovchinnikov,  ’’Influence  of  ion  bombardment 
on  electrical  properties  of  ordered  alloys  (Pdi_a7Au2;)3Fe,”  Proc.  ofihe  IX  Symposium  of  High-Power 
Electronics  (Ekaierinburg-Moscow,  Russia),  pp.  360-361,  1992. 

4.  E.W.  Muller  and  T.T.  Tsong,  Field  Ion  Microscopy,  Principles  and  Applications,  Elsevier, 
New  York,  1969. 

5.  G.A.  Mesyats,  N.N.  Syutkin,  V.A.  Ivchenko  and  E.F.  Talantsev,  ’’Atomic  structure  of  su¬ 
perconductor  YBa2Cu307-ar  in  field  ion  microscope”,  Journal  de  Physique  (Paris),  Vol.  C6-49,  pp. 
477-481,  1988. 

6.  N.S.  Stoloff  and  P.G.  Davies,  The  Mechanical  Properties  of  Ordered  Alloys,  Progress  in  Ma¬ 
terials  Science,  Vol.  13,  Pergamon  Press,  New  York,  1967. 


Fig.  1.  Field  ion  micrographs  of  quenched  FePd2Au  alloy  (a)  and  corresponding  stereographic 
projection  (b). 
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Fig.  3.  Transmission  electron  micrograph  of  a  FePd2Au  needle  (a)  and  diffraction  pattern  of  the 
same  needle  (b)  (long-range  order  reflections  arrowed). 
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ABSTRACT 

The  technology  is  based  on  the  well-known  process  of  hardening  some  organic  liquid  monomers  and  oligomers 
(resins  and  lacquers)  under  the  action  of  ionizing  radiation,  i.e.  electron,  ion,  ultra-violet,  laser,  and  X-ray  beams. 
The  main  mechanism  of  hardening  is  three-dimensional  polymerization  of  initial  monomers  induced  by  irradiation. 
First  of  all  one-dimensional  polymer  chains  are  created.  And  the  next  stage  is  cross-linking  of  them.  Numerical  at¬ 
tempts  to  apply  such  a  process  for  plastic  materials  production  met  some  earnest  difficulties.  Our  decision  to  perform 
the  whole  processing  in  vacuum  changed  radically  the  main  properties  of  radiation  induced  hardening  technology. 
The  inhibition  of  polymerization  by  reactive  oxygen  became  unessential.  The  output  window  foil  of  accelerator  be¬ 
came  unnecessary.  Application  of  super  broad  beams  such  as  1sq.m  became  possible.  The  entire  efficiency  of  grid 
electricity  was  increased  to  60%  and  it  was  not  the  limit.  One  of  the  main  advantages  is  that  the  processing  carried 
out  in  vacuum  may  satisfy  the  highest  ecological  standards.  The  technology  developed  is  contamination  free  and 
environment-saving. 


1.  HYSTORICAL  BACKGROUND 

The  first  steps  of  decorative  plastic  coatings  processing  by  means  of  electron  beam  irradiation  of  thin  transparent 
lacquer  layer  deposited  on  decorative  film  glued  onto  a  furniture  surface  were  carried  out  in  the  early  50-s  in  the 
Great  Britain  and  the  USA.  Low-current  electron  accelerators  with  thermal  cathodes  were  used  as  other  didn’t  exist. 
The  electron  beam  was  scanned  across  a  conveyer.  But  such  a  technology  met  some  earnest  difficulties. 

The  beam  ionized  the  air  and  created  plasma  containing  oxygen  and  nitrogen  ions  and  their  molecules  and 
radicals.  Reactive  oxygen  penetrating  into  the  lacquer  inhibited  greatly  the  hardening  process  in  the  thin  surface 
sublayer.  The  radiated  lacquer  layer  became  acutely  heterogeneous,  it  consisted  of  easily  hardened  body  and  hard 
hardened  surface.  Americans  proposed  and  applied  the  nitrogen  blow  over  the  radiated  lacquer  surface  to  eliminate 
the  hardening  inhibition  by  oxygen- containing  radicals.  This  method  helped  a  bit,  but  significantly  complicated  the 
processing  and  increased  the  prime  cost. 

In  the  middle  60-s  a  significant  progress  occurred  in  electron  beams  technology.  High-current  accelerators  were 
designed  and  made  in  Russia  and  the  USA.  They  were  based  on  the  gigantic  amplification  of  cold  cathode  self¬ 
emission  in  the  super-high  pulsed  electric  field.  The  record  currents  of  electron  beams  jumped  up  by  10"^  times. 

Tomsk  is  one  of  the  world  recognized  centers  of  high  current  accelerators  owing  to  creative  scientific  engineering 
and  business  activities  of  Professor  Mesyats  and  his  collaborators  from  High-Current  Electronics  Institute  (HCEI)  of 
Russian  Academy  of  Sciences  and  Tomsk  Poly  tech  University  (TPU). 

In  the  middle  70-s  Mesyats  became  acquainted  with  lacquer  hardening  technology  by  means  of  electron  irradiation. 
And  proposed  the  pulsed  power  electron  beams  to  be  applied  in  such  processing.  He  expected  that  under  intense 
irradiation  the  lacquer  would  be  quickly  polymerized  before  slow  oxygen  diffusion  inhibited  it.  Followed  scientific 
research  carried  out  by  Chmukh  and  Sakharov  in  HCEI  and  TPU  confirmed  the  expectations.  Lacquer’s  surface  was 
hardened  out  by  pulsed  power  electron  beam  in  air  without  nitrogen  blow. 
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Mesyats  and  his  collaborators  undertook  an  attempt  to  adopt  the  pulsed  power  electron  beams  in  industry  for 
producing  polishing  faces  of  TV  set  wooden  cases  at  Lvov  Plant.  Professor  Kreindel  and  Professor  Schanin  with  col¬ 
laborators  developed  and  made  powerful  electron  accelerator  with  plasma  cathode  and  broad  beam  for  that  purpose. 
Industrial  tests  of  pulsed  power  beams  in  hardening  technology  proved  that  the  first  problem  arisen,  i.e.  “oxygen 
inhibition  of  polymerization”  might  be  overcome^  .  But  others  appeared. 

The  second  and  the  most  essential  was  great  harm  for  ecology.  Powerful  electron  beam  in  air  generated  inten¬ 
sively  aerosols,  ozone,  nitric  oxide.  The  latter,  for  example,  combining  with  atmospheric  moisture  produces  nitric  acid. 

The  third  hard  problem  is  following.  The  output  of  power  electron  beam  from  accelerator’s  vacuum  chamber  into 
the  atmosphere  required  a  complicated  cooling  system  for  output  foil,  which  had  a  short  life-time. 


2.  PLASTICS  PROCESSING  BY  IRRADIATION  IN  VACUUM 

In  1991  author  proposed  to  perform  whole  sequence  of  basic  technological  operations  in  vacuum  of  10“^  -I- 
10  ^  Torr,  including  irradiation  without  fail.  We  decided  to  develop  and  build  up  process  equipment  for  thin  plastic 
composites  producing  in  the  form  of  face  materials  like  washable  wallpapers.  There  is  great  demand  for  such  goods 
in  Russia.  The  main  consumers  are  population,  agriculture  and  various  industries:  furniture-  and  wood-processing, 
building,  aircraft,  etc.  By  our  request  Professor  Schanin  and  his  collaborators  made  a  high-current  electron  acceler¬ 
ator  with  plasma  cathode.  Its  parameters  are:  pulse  duration  1  -f-  30 //s,  energy  0.18  0.22  MeV,  mean  reiteration 

frequency  1  50  Hz,  cross- width  0.7  -h  1.0m. 

Our  proposal  to  perform  the  whole  processing  in  the  vacuum  was  tested  on  a  working  lowered  model  of  tech¬ 
nological  machinery.  We  produced  various  samples  of  the  plastic  composite  ribbons  using  the  liquid  lacquer,  from 
one  side,  and  paper  tape,  fiber  glass,  fiber  carbon,  metal  networks,  from  the  other  side,  as  the  primary  products. 
The  samples  of  such  goods  displayed  high  mechanical  strength;  chemical  stability  to  the  action  of  acids,  alkalies  and 
many  others  vehicles;  heat  stability  up  to  500  K;  and  fine  appearance. 

Our  decision  to  realize  the  whole  processing  in  vacuum  changed  radically  the  main  properties  of  the  radiation 
induced  hardening  technology.  The  variety  of  hard  problems  naturally  disappeared  and  some  advantages  appeared: 

1.  The  inhibition  by  reactive  oxygen  became  unessential. 

2.  The  accelerator’s  output  window  foil  became  unnecessary. 

3.  Application  of  super-broad  beams  such  as  1  x  Im^  became  possible. 

4.  The  whole  efficiency  of  grid  electricity  was  increased  to  60%  and  it  was  not  the  limit. 

5.  One  of  the  prior  advantages  is  that  the  production  carried  out  in  vacuum  may  satisfy  the  highest  ecological 
standards.  The  technology  became  contamination  free  and  environment  saving. 


3.  PROCESS  EQUIPMENT 

Now  the  full  process  equipment  set  is  ready  (Fig.).  It  consits  of  big  vacuum  chamber,  inner  machine-tool  working 
in  vacuum,  pulsed-power  repetitive  accelerator  producing  broad  electron  beam  and  truck  for  moving  the  machine-tool 
off  and  into  the  vacuum  chamber.  Its  productivity  is  expected  of  300000  -  500  000  sq.  m  of  plastic  composite  ribbon 
per  one  year.  Electric  power  consumption  is  35  kW. 
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Fig.  Process  equipment:  1  -  big  vacuum  chamber,  2  -  inner  machine-tool  working  in  vacnum,  3  -  pulsed  power 
repetitive  accelerator,  producing  broad  electron  beam,  4  -  truck  for  moving  the  machine-tool  oflF  and  into  the  vacuum 
chamber. 
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ABSTRACT 


This  paper  investigates  the  surface  charge  distribution  of  an  alumina  insulator  surface  after  flashover  tests  by  impulse 
voltage  application.  The  measurement  of  surface  charge  distribution  and  the  voltage  testing  were  both  done  in  vacuum 
(in  situ).  The  vacuum  chamber  for  the  voltage  flashover  testing  experiments  was  maintained  at  the  pressure  of  1.3X10”*Pa. 
Impulse  voltage  was  applied  with  positive  and  negative  polarity.  The  surface  charge  was  measured  for  both  positive 
(flashover  and  unflashover)  and  negative  (flashover  and  unflashover)  polarity.  Applying  the  positive  impulse  polarity 
produces  a  positive  charge  on  the  alumina  surface,  when  the  impulse  polarity  is  reversed  both  the  positive  and  negative 
charges  were  detected  in  case  of  flashover,  and  only  negative  charge  was  detected  in  case  of  unflashover. 

1.  INTRODUCTION 

It  has  been  known  that  the  dielectric  strength  of  a  solid  insulator  surface  in  vacuum  is  inferior  to  that  of  the  insulator 
itself.  Therefore,  the  ability  of  the  insulator  to  sustain  high  voltage  in  vacuum  is  limited  by  surface  flashover.  Various 
attempts  have  been  made  to  improve  the  holdoff  voltage  of  insulator  surfaces  in  vacuum^  Many  have  concluded  that  the 
flashover  voltage  of  the  insulator  surface  in  vacuum  is  dependent  of  the  insulator  material,  geometry,  surface  conditions 
and  electrode  geometries.^-^’^  Many  theories  have  been  proposed  to  explain  the  flashover  mechanism  along  the  surface  of 
insulator.^  The  role  of  surface  charge  in  flashover  phenomena  has  been  reported,'’”'^  but  the  correlation  between  surface 
charge  distribution  and  surface  flashover  voltage  of  an  insulator  in  vacuum  has  not  been  determined. 

We  have  investigated  the  correlation  between  surface  charge  distribution  and  surface  flashover  voltage  of  an  insulator 
in  vacuum^  by  measuring  the  charge  on  an  alumina  surface  in  air.  However,  the  presence  of  water  vapour  in  the  air  strongly 
influenced  the  charge.  Thus  to  correctly  determine  the  correlation,  the  surface  charge  distribution  measurements  and  the 
flashover  voltage  measurements  should  both  be  done  in  vacuum  (in  situ). 

In  this  paper,  the  surface  charge  distribution  measurement  system  and  the  characteristic  of  charge  distribution  on 
alumina  surfaces  after  voltage  application  are  described.  We  also  discuss  the  charge  distribution  of  alumina  surfaces  after 
voltage  application  for  both  flashover  and  unflashover  by  applying  positive  and  negative  impulse  voltage. 

2.  EXPERIMENTAL  PROCEDURE 

The  samples  were  99.8%  pure  alumina  discs  with  a  diameter  of  23  mm  and  a  thickness  of  5  mm.  The  electrode  config¬ 
uration  used  in  voltage  application  included  a  needle  electrode  (length:  15  mm,  diameter:  3  mm,  radius  of  curvature  is 
1.5  mm)  and  a  back  side  electrode,  both  made  of  stainless  steel  (Figure  1).  The  creeping  distance  was  11.5  mm.  The  volt¬ 
age  measurements  were  made  in  an  ultra-high  vacuum  chamber  in  which  the  pressure  was  maintained  within  the  range  of 
1.3X10"®  Pa  by  a  sputter  ion  pump  and  a  Ti-getter  pump.  This  experimental  system  is  explained  elsewhere.®  The  applied 
impulse  voltage  waveform  had  a  64  ps  rise  and  700  ps  decay.  The  pulses  of  positive  and  negative  polarities  were  applied. 
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The  change  in  polarity  (positive  to  negative)  was  involved  only  the  needle  electrode  (the  backside  electrode  was  grounded). 
All  alumina  samples  were  ultra-sonically  cleaned  for  15  minutes  before  being  placed  into  the  vacuum  chamber. 

After  applying  the  impulse  voltage,  the  alumina  and  the  holder  (backside  electrode)  were  moved  from  the  breakdown 
measurement  chamber  to  the  charge  measurement  chamber  by  a  transfer  rod  m  vacuum.  Then  the  surface  charge  distribu 
tion  on  the  alumina  surface  was  measured.  This  system  allows  measurement  of  the  surface  charge  on  the  alumina  surface 
unaffected  by  the  presence  of  water  vapour.  The  charge  measurements  were  made  with  an  electrostatic  probe  m  the  form  o 
a  capacitive  voltage  divider  connected  to  an  electrometer  (Monroe  model  #  MSA).  The  system  used  to  nieasure  surface 
charge  distribution  is  illustrated  in  Figure  2.  The  capacitance  between  the  tip  of  the  probe  and  the  ^ound  is  5  pF.  ^is 
capacitor  divides  the  input  signal  voltages  by  the  probe-to-surface  capacitance.  The  diameter  of  the  pr^e  tip,  which 
governs  for  the  probe-to-surface  capacitance,  was  0.076  mm.  It  was  surrounded  by  a  shielding  electrode.  The  probe  was 
shielded  by  the  probe  housing.  The  spacing  between  the  alumina  surface  and  the  probe  tip  is  maintained  at  1  mm. 


15  mm 


Alumina 


“23  mm- 


[Electrometer 


-Needle  Electrode 
d  ;  11.5  mm 

5  mm 


Reference  = 
Electrode  (B) 

X 
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— Probe 
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j'Ci^ranslation  Stage 
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I  -^Manipulator^?' 


—Probe  Tip 
^Shielding 


Alumina 


Figure  1. 

Electrode  configuration. 


Figure  2. 

Charge  distribution  measurement  system. 


The  1  mm  spacing  was  chosen  to  prevent  arcing  to  the  probe  from  the  charged  alumina  surface.  The  alumina  was  placed  on 
an  X-Y-Z  translation  stage  and  could  be  manipulated  from  outside  the  vacuum  chamber  without  affecting  the  vacuum 
The  charge  measurements  started  from  the  reference  electrode  on  one  side  (point  A)  and  progressed  across  the  surfare  ot 
the  alumina  along  the  X  axis  to  the  reference  electrode  on  the  other  side  (point  B).  The  moving  of  alumina  in  the  X  Y 
plane  was  driven  by  two  stepping  motors. 

3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

3.1.  Surface  charge  distribution  with  positive  impulse  voltage. 

Figure  3  shows  the  surface  charge  on  an  alumina  surface  after  a  series  of  flashovers.  The  polarity  of  the  applied  impulse 
voltage  was  positive.  The  surface  charges  were  measured  after  the  sixth  flashovers,  which  was  at  54  kV.  The  surface 
charge  distribution  was  measured  on  the  center  line  of  the  alumina  surface.  The  ordinate  in  the  figure  is  surface  potential, 
which  is  proportional  to  the  charge  density.  The  surface  charge  shows  that  the  surface  is  charged  positively  by  positive 
applied  impulse  voltage  (flashover),  and  the  surface  potential  is  higher  near  the  cathode  side  (backside  electrode)  than  on 
the  anode  side  (needle  electrode,  point  C).  The  charge  distribution  pattern  obtained  in  this  experiment  is  similar  to  the  one 

previously  in  air  before.^  .  ,  «  u  -ruio 

The  surface  potential  near  the  cathode  was  nearly  600  volts,  on  the  anode  side  the  surface  potential  was  0  volts.  T 

surface  potential  is  higher  than  previous  measurements.^  When  we  measured  the  surface  charge  distribution  in  air,  the 
humidity  strongly  influenced  the  charge  on  the  alumina  surfaces,  but  in  vacuum  the  influence  of  water  vapour  can  be 

neglected.  .  •  .  u  rv.  i 

The  surface  potential  is  higher  in  the  vicinity  of  the  cathode  than  in  the  anode  region;  that  is,  positive  charges  accumu 

late  in  the  cathode  region.  The  result  indicates  that  the  alumina  surface  region  struck  by  electrons  emitted  from  the  cathode 
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triple  junction  becomes  positively  charged,  if  the  secondary  electron  emission  coefficient  is  above  unity.  This  positive 
charge  accumulation  will  enhance  the  electric  field  at  the  triple  junction.  These  processes  continue  until  complete  break¬ 
down  occurs.  Other  researchers^  have  concluded  that  for  positive  polarity  the  charge  density  in  the  cathode  region  is  higher 
than  that  in  the  anode  region.'^  The  surface  potential  measured  on  the  anode  side  is  zero,  we  suppose  that  the  positive 
charge  at  the  anode  position  (needle  electrode  ,  point  C)  is  discharged  to  the  needle  electrode. 
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Figure  3. 

Surface  charge  distribution 
after  6  flashovers. 

Positive  polarity. 


Figure  4. 

Surface  charge  distribution. 
Flashover  did  not  occur. 
Positive  polarity. 


Figure  4  shows  the  surface  charge  on  the  alumina  surface  after  application  of  positive  impulse  (unflashover).  The  applied 
voltage  was  22.5  kV,  and  the  alumina  surface  was  charged  four  times.  The  positive  charges  are  distributed  around  the 
anode  region.  On  the  other  hand  no  charges  were  detected  at  the  cathode  region. 

The  surface  potential  is  slightly  lower  at  the  needle  electrode  (point  C)  than  in  the  area  far  from  the  anode.  The  surface 
potential  on  the  alumina  surface  was  extremely  lower  for  unflashover  than  for  flashover. 


3.2.  Surface  charge  distribution  with  negative  impulse  voltage. 

Figure  5  shows  the  surface  charge  distribution  on  the  alumina  surface  after  application  of  negative  impulse  voltage 
(flashover).  The  surface  charges  were  measured  after  the  15th  flashover,  which  was  at  33  kV.  The  surface  charge  was 
measured  along  the  center  line  of  the  alumina  in  the  X  direction.  The  result  shows  that  in  the  vicinity  of  the  cathode  (point 
C)  the  surface  has  a  strong  negative  charge,  and  part  of  the  anode  region  is  charged  positively  (points  F  to  E).  On  the 
another  side  of  the  anode  region,  the  negative  charge  was  also  detected,  but  this  phenomenon  is  still  unexplained. 

The  surface  potential  produced  by  negative  trapped  charge  at  point  C  was  more  than  -800  V,  while  the  positive  poten¬ 
tial  produced  by  the  positive  charge  at  point  F  is  nearly  200  V.  When  a  negative  impulse  is  applied  to  the  cathode  (needle 
electrode),  electrons  emitted  from  the  cathode  triple  junction  strike  the  alumina  surface  with  high  energy.  The  alumina 
surface  is  charged  positively,  if  the  secondary  electron  emission  coefficient  exceeds  1.  As  a  result,  the  electric  field  at  the 
cathode  triple  junction  increases  rapidly.  That  is  why  the  flashover  voltage  for  the  negative  impulse  is  lower  than  that  of 
the  positive  impulse. 

Figure  6  shows  the  surface  charge  on  the  center  line  of  the  alumina  surface  after  the  negative  impulse  voltage  applica¬ 
tion  (unflashover).  The  applied  voltage  was  12  kV.  For  unflashover,  positive  charges  were  not  detected.  The  region  close 
to  the  cathode  had  a  strong  negative  charge,  and  the  surface  measured  potential  is  more  than  -800  V.  The  surface  potential 
in  part  of  anode  region  was  also  detected,  but  this  phenomenon  is  still  unexplained.  The  result  indicates  that  the  alumina 
surface  is  not  uniformly  charged  by  a  negative  charge  after  negative  impulse  voltage  application. 
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Figure  5. 

Surface  charge  distribution 
after  15  flashovers. 
Negative  polarity. 


Figure  6. 

Surface  charge  distribution. 
Flashover  did  not  occur. 
Negative  polarity. 


4.  CONCLUSIONS 

1.  After  flashover  voltage  application,  the  surface  potential  for  both  positive  and  negative  impulse  polarity  is  higher 
than  after  unflashover  voltage  application. 

2.  For  both  positive  and  negative  impulse  voltage  application  (flashover),  the  surface  potential  near  the  cathode  side 
is  higher  than  on  the  anode  side. 

3.  For  unflashover  (positive),  positive  charges  were  detected  only  in  the  area  close  to  the  anode,  and  the  surface 
potential  was  lower  than  100  V;  for  negative  polarity,  the  surface  close  to  the  cathode  had  a  very  negative  charge, 
and  the  surface  potential  was  more  tan  -800  V. 
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Enhanced  field  emission  from  exstremely  small  metallic  microtips. 


By 

R.Z.Bakhtizin  and  V.G.Valeyev 


1. Introduction 

Electron  field  emission  from  microscopic  metal  cathodes  subjected  to  high  electric  fields  is 
observed  at  fields  being  much  below  the  value  predicted  by  the  Fowler-Nordheim  law  for  flat  metallic 
surface.Un  derstanding  for  this  phenomenon  is  important  for  high  field  vacuum  aplications  [1].  This 
enhanced  field  emission  (EFE)  is  known  to  originate  from  localized  microparticles  on  a  broad  area 

cathode  [2-5].  The  characteristic  size  L  of  the  microtip  was  estimated  to  be  of  order  of  10"’  -  10  *  cm. 
However, the  physical  mechanism  of  EFE  is  not  clear  up  to  now.  The  case  of  extremely  small  microtips  is 
analised  below  . 

Depending  on  the  correlation  of  the  microtipe  size  and  lengt  of  elastic  (1,  )  and  in  elastic  (  1^  ) 
electron  scattering, three  modes  of  emission  may  be  realized;  ballistic  (1«1^  ,1,  ),  dififusional  (1,  <<1<<1^ ), 

and  thermal  ones  (1»  1^  ,1,  ).In  the  later  case  the  principial  solution  may  be  obtained  by  means  of 
hydrodynamic  approximation  [6].  Otherwise,  in  the  case  under  consideration,  the  the  analysis  should  be 
based  upon  the  direetsolution  on  the  kinetie  equation  for  the  electron  distribution  function. For  metall 
microcontacts  such  a  programme  in  the  single-particle  approximation  is  relized  in  [7].  In  this  case  the 

energy  scattering  length  (1,  1^  »1,  thus  heat  discharges  in  a  region  of  volume  /I* ,  exceeding 

considerably  the  region  of  formation  of  microtip  tunneling  resistance  ('^*  ).  Aeeording  to  [3],  it  is  this 
particular  phenomenon  that  causes  the  microtip  thermal  stability  at  greater  values  of  the  current  density. 


l.Theoretical  Consideration 

2.1  The  case  of  d-c  field  emission 

Proceeding  from  [7]  ,let  us  build  a  mieroscopic  theory  of  the  electron  field  emission  from  microtips 
satisfying  specific  conditions  (Fig.l). 


Fig  1.  Microtip  on  the  surface  S  of  the  field 

emitter;  f2(r)  is  the  space  angle  inside  the 
cathode,  under  point  r  the  microtip  base 
may  be  observed 


Our  consideration  will  be  based  on  the  Bolzmann  kinetie  equation  for  the  single-electron  distribution 
function  (this  is  possible  for  microroughness  with  1»  h/p^  « 10"*  cm). 


V— +  eF^  =  I{/} 
dp  ^ 


(1) 
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where  I{/}  is  the  electron  inelastic  collision  integral.Is  considered  electron-phonon  scattering  a  sorrrce  of 

energy  rela.xations  [8],  The  electric  field  F  =  found  in  (1)  should  be  obtained  by  solving  the 

Maxwell  equation  with  the  charge  and  current  densities  corresponding  to  the  distribution  function  f, 

p=2e'^f{r,p) 


j  =  2e^V-Ar,p) 

As  is  known  in  metals  the  equation  for  the  electric  field  F  reduces  to  the  condition  of  local  electrical 
neutrality  Sp  =  0  , 


Let  as  assume  that  emission  occurs  only  from  the  microtip  z=0.At  a  distance  from  a  cathode  surface  the 
current  density  and  electric  field  are  equal  to  zero  while  the  distribution  is  equilibnum.With  these 
assumptions  made  the  boundary  conditions  to  (1)  and  (4)  acquire  the  form 


E,-E, 


4=0  .w 

D(p)  in  (7)  is  the  surface  potential  barrier  transparency.In  the  approximation  of  zero  order  in  the 
parameter  1/1^  one  has  the  collision  free  Bolzman  equation 

(9) 

Taking  into  account  the  boundary  conditions  (5)  to  (8), it  solution  will  take  the  form 

f°^=fo(E^+  (r))  •  ^  Q(r ))  +  (1  -  D)f,  (e^  +  (r))  ■  e{V  e  Q(r)) .  (10) 

This  solution  is  exact  if  we  ignore  scattered  reflection  of  electrons  from  the  sides  of  the  microtip.Provided 
Sp  =  0  ,we  have  for 


e<DW(r)  =  2Z)(/7)«c 


kT 


Let  us  confine  ourselves  to  the  WKB  approximation  for  the  barrier  transparency. 
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A  simple  analysis  of  (11)  makes  it  possible  to  establish  the  character  of  the  change  of  in  the  metal 

at  large  distances  from  the  surface  (see  Fig.l), 


\r)  r 


(12) 


is  the  potential  within  the  microtip,  it  is  constant  throughout  the  length  of  the  latter.  It  can  be  seen 
that  the  electric  field  penetrates  the  cathode  to  a  depth  of  »  /  »K-f-  The  constant  is  determined 
by  the  equation 


y- 


3c 


i^^+y) 


=  0, 


(13) 


where  C  =  (o.68^^^^  /  F^6{2.19Fq^  /  ^),  A  =  =  -cOg  /  (p,M{x,y,z)  is  the  Whittaker  function  F^ 

the  field  near  the  microtip  (in  10  V/nm),  (p  the  electrron  work  function  (  eV),  B  the  Fowler-Nordheim 

function  (  see  [9].  It  can  be  seen  that  in  zeroth  approximation  in  the  parameter  /^  //  shift  of  the 

electron  chemical  potential  appears  near  the  microtip,  which  is  conditioned  by  carrier  heating  by  the 

external  electric  field,  the  shift  manifests  itself  in  the  corresponding  shift  of  the  maximum  of  the 
electron  distribution  function  towards  the  high-energy  region,  bringing  forth  an  increase  of  the  emission 

total  current  by  a  factor  exp  d),  where  d~'  =  (l. 025^3^'^  ! F^)t{2>. 19 F^  / (  see  [9]). 

EfE  is  now  seen  to  be  the  feature  of  the  nonequilibrium  microtip  state,descibed  above. 

The  Nottinham  energy  source  on  the  tip  surface  was  then  studied  as  a  function  of  electric  field. 

Definilenonequilibrium  increase  ^  of  the  Nottingham  inversion  temperature  was  found  to  be  created 
by  the  field  penetration: 


ST^  = 


ehF 


(2m) 


1/2  ^3/2 


(14) 


Selfconsistent  consideration  of  the  energy  exchange  processes  which  are  decisive  for  the  thermal  stability  of 
the  tip  in  prebreakedown  state  is  to  be  reported  else  where. 
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